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Summary 

In neuroscience, advanced optical tools and techniques are required to map and manipulate brain 

circuits in living and freely behaving animals. Developments in two-photon microscopy and 

optogenetics have facilitated the performance of all-optical imaging and optogenetic 

photostimulation of neuronal populations with single-cell resolution, particularly in head-

restrained animals. Furthermore, optical approaches like temporal focusing and computer-

generated holography have enabled precise targeting of single or groups of neurons with single-

cell resolution within a volume. These strategies have been used in pioneering experiments to, for 

example, influence animal behavior, affect perception and map connectivity in vitro and in vivo 

animals. 

In the course of my thesis, I firstly focused on the development of a flexible two-photon fiberscope 

(2P-FENDO) capable of conducting all-optical brain investigations at near cellular resolution in 

freely moving mice. We employed a fiber bundle, and the exploited intrinsic inter-core delay 

dispersion of the bundle, with a GRIN lens to perform fast two-photon functional imaging and two-

photon holographic photostimulation of single and multiple neurons with a ~8 µm axial 

confinement within a field of view of 250 µm in diameter. 2P-FENDO will permit the simultaneous 

imaging and control of defined neuronal functions in the brain during naturalistic animal behaviors. 

The second part of the thesis introduces a novel optical approach using a fiber bundle and a spatial 

light modulator for dual-color two-photon light patterning in three dimensions. This system 

achieves precise and reconfigurable targeting of large numbers of neurons with a good axial 

resolution (~20 µm) within a 380 x 380 x 300 µm3 volume, capitalizing on the inter-core temporal 

delay and the lasers wavelength independency. Compared to previous three-dimensional light 

patterning systems, this approach simplifies the optical setup while maintaining good axial 

resolution independently of the resultant spot size, and it allows for the generation of two-

dimensional and three-dimensional multicolor light patterns using a single beam path and two 

distinct laser wavelengths simultaneously. 
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Résumé 

En neurosciences, des outils et techniques optiques avancés sont nécessaires pour imager et 

manipuler les circuits cérébraux chez des animaux vivants et en se comportant librement. Les 

développements en microscopie à deux photons et en optogénétique ont facilité la réalisation 

d'imageries entièrement optiques et de la photostimulation optogénétique de populations 

neuronales avec une résolution cellulaire unique, en particulier chez les animaux dont la tête est 

maintenue immobile. De plus, des approches optiques telles que la focalisation temporelle et 

l'holographie générée par ordinateur ont permis le ciblage précis de neurones individuels ou de 

groupes de neurones avec une résolution cellulaire unique dans un volume. Ces stratégies ont été 

utilisées dans des expériences novatrices pour, par exemple, influencer le comportement des 

animaux, affecter la perception et cartographier la connectivité in vitro et in vivo chez les animaux. 

Au cours de ma thèse, j'ai d'abord axé mes recherches sur le développement d'une fibrescope 

flexible à deux photons (2P-FENDO) capable de mener des investigations cérébrales entièrement 

optiques à une résolution cellulaire proche, chez des souris se déplaçant librement. Nous avons 

utilisé un faisceau de fibres, et exploité la dispersion intrinsèque des retards intercœurs du faisceau, 

avec une lentille GRIN pour réaliser une imagerie fonctionnelle rapide à deux photons et une 

photostimulation holographique à deux photons de neurones individuels et multiples avec un 

confinement axial de ~8 µm dans un champ d´excitation de 250 µm en diamètre. 2P-FENDO, peut 

permettre l'imagerie simultanée et le contrôle de réseaux neuronaux définis dans le cerveau pendant 

des comportements animales naturalistes. 

La deuxième partie de la thèse introduit une nouvelle approche optique utilisant un faisceau de 

fibres et un modulateur spatial de lumière pour le modelage bicouleur de la lumière à deux photons 

en trois dimensions. Ce système permet un ciblage précis et reconfigurable d'un grand nombre de 

neurones avec une résolution cellulaire unique (~20 µm) dans un volume de 380 x 380 x 300 µm3, 

capitalisant sur le retard temporel intercœurs et l'indépendance en termes de longueur d'onde des 

lasers. Comparé aux systèmes précédents de modelage tridimensionnel de la lumière, cette 

approche simplifie la configuration optique tout en maintenant une bonne résolution axiale 

indépendamment de la taille résultante du spot, et il permet la génération de motifs de lumière 

multicouleurs bidimensionnels et tridimensionnels en utilisant un seul chemin de faisceau et deux 

longueurs d'onde laser distinctes simultanément. 
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A. Introduction 

A.1 The study of the brain using microscopy and optogenetics 

Understanding how the brain works is a fundamental scientific goal that involves 

contributions from diverse fields. Scientists from various disciplines have all played a role in 

studying the brain's development, morphology, and physiology. They employ a range of tools and 

instruments to explore the brains of different animals. Comparing the brain to planet Earth, it can 

be explored using various imaging techniques, much like navigating through Google Maps. This 

exploration allows us to uncover the brain's complexities, similar to how a world atlas provides 

information about politics, topography, or traffic. Brain imaging reveals essential details about its 

microstructure, connectivity, and function. By figuratively "zooming in," we can observe the 

distinct boundaries of different brain areas, analogous to countries on a map. Additionally, further 

"zooming" in allows us to examine individual cells, much like observing cities in detail. 

Just as Google Maps allows us to zoom in and out to explore different levels of detail, brain 

imaging techniques enable us to examine the brain at multiple levels, from macroscopic to 

microscopic. Functional magnetic resonance imaging (fMRI) provides a macroscopic view, 

mapping whole brain regions and functions. However, it possesses a millimetric resolution, non-

sufficient for cellular or subcellular imaging (< 15 µm). On the opposite end of the spectrum of 

resolutions, advanced techniques like super-resolution and electron microscopy enable us to 

explore the brain at subcellular levels providing sub-nanoscale resolution within small micrometric 

volumes (Mazumder, N., Gangadharan, G., & Kistenev, 2022). It's akin to zooming in on cities to 

examine the fine details of buildings, streets, and even individual households. In between these two 

edges, optical microscopy enables from cellular to sub-cellular resolution, covering from hundreds 

to few micrometers’ volumes in the brain. In this regime, it is possible to study brain regions of 

millimetric volumes keeping cellular resolution. All this made optically, allows to be non-invasive 

and to perform experiments in-vivo animals with the spatial and temporal resolution to measure 

the neuronal activity. 

This thesis centers on the development of advanced optical approaches for two-photon (2P) 

all-optical manipulation of neuronal activity in mouse using optogenetics. In chapter A, I 
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summarize the different optical strategies and challenges of optogenetics to perform neuronal 

activity recording and manipulation in the brain and I introduce the use of fiber bundles for 2P all-

optical studies. In chapter B, I focus on the use of flexible fiber bundles to perform optogenetics 

studies in freely moving mice with single-cell precision. In chapter C, I delve into the temporal 

properties of the fiber bundles to perform, with single-cell resolution, multicolor 3D light 

patterning. In chapters 2 and 3, I first introduce the state-of-the-art and fundamentals underlying 

each technique and then I present the obtained results and the discussions and futures perspectives. 

Lastly, in chapter D, I give generals conclusions and future outlooks. 

A.2 Single and multiphoton microscopy 

The two primary techniques employed for imaging brain regions with cellular resolution 

are based on single photon and multiphoton microscopy. 

A.2.1 Single photon microscopy 

One-photon (1P) or single photon microscopy techniques, such as wide-field microscopy, 

confocal microscopy or selective plane illumination microscopy (Murphy and Davidson, 2013), 

rely on the fluorescence phenomena of a molecule absorbing and re-emitting photons (figure 1). In 

this process, the energy of one photon is absorbed by a molecule, inducing the excitation of an 

electron to a higher energy level (the energy gap is related to the incident light wavelength). The 

molecule then, generally relaxes non radiatively to a lower excited state (vibrational levels) from 

which a photon is emitted with lower energy than the absorbed one, resulting in the denominated 

Stokes shift. The fluorescence intensity is linearly related to the incoming light intensity (F∝I).  

The simplest type of 1P fluorescence microscopy is performed with a wide-field 

illumination of the entire sample containing fluorescent molecules, where, after illumination, the 

fluorescence light is collected while blocking the light used to excite the molecule with an optical 

filter, and detected by a detector such as a camera. Notably, Green Fluorescent Proteins (GFPs) are 

widely used due to their high brightness, photostability and excitation at optical wavelengths 

(Chalfie M, Tu Y, Euskirchen G, Ward WW, 1994; Tsien, 1998). 1P widefield microscopy, with 

GFPs expressed in the neurons, permits to image large regions on the surface of the brain (Waters, 

2020). However, this method lacks axial sectioning, as the fluorescence is generated throughout all 
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along the excited path without spatial confinement, limiting the obtainable spatial resolution 

(Murphy and Davidson, 2013).  

In confocal microscopy the excitation light is confined to a diffraction-limited point and 

scanned through the sample plane, and the fluorescence signal is detected by a single pixel detector, 

after passing through a pinhole, placed in the conjugated position with respect to the focal plane, 

which rejects the out-of-focus background light, achieving better axial confinement than with wide-

field illumination (Pawley, 2010). In-vivo studies using confocal microscopy have been 

predominantly focused on shallow depths or transparent tissues (Fine et al., 1988; Chiang et al., 

2023).  

1P confocal microscopy presents some limitations due to the 1P illumination that limits the 

penetration depth into scattering tissues like the brain to few tens of micrometers, as shorter 

wavelengths are more scattered into the tissue and damage more the brain (Diaspro et al., 2006). 

Moreover, the linear relationship between the excited light intensity and the collected fluorescence 

gives rise to increased background noise from planes situated above the focal plane which needs 

algorithms to extract the signal from the focal neuron from contaminants and signals from the out-

of-focus cells (McNally et al., 1999). 

A.2.2 Two-photon microscopy 

The theoretical demonstration of multiphoton absorption in 1931 (Goeppert-Mayer, 1931; 

Potma and Xie, 2008 for english translation) by Maria Goeppert Mayer along with experimental 

developments by Sheppard and Kompfner in 1978 (Sheppard, C. and Kompfner, 1978) led to the 

conceptualization of multiphoton microscopy. However, it was only in 1990 that the first 

experimental implementation based on 2P fluorescence microscopy was performed by W. Denk, 

J. Strickler and W. Webb in 1990 (W. Denk, J. H. Strickler, 1990; Helmchen and Denk, 2005). In 

2P microscopy, electrons absorb two photons quasi-simultaneously (virtual state lifetime = 10-16 

seconds, Xu and Webb, 1996). The photons are roughly half energy and double wavelength 

compared to the 1P excitation case (figure 1A). Consequently, the electrons are excited from the 

ground state to the vibrationally and electronically excited state. Upon electron relaxation and 

decay to the ground state, a photon of a shorter wavelength compared to the excitation laser is 

emitted (fluorescence). In this case, the generated fluorescence intensity depends nonlinearly on 
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the incident light intensity (F ∝ In, where n=2 for 2P microscopy and n=3 in the case of three-

photon microscopy (3P)). However, the probability of 2P absorption (Prob ∝ I2δ2P) is much lower 

than 1P absorption, as it depends on the 2P cross section (δ2P = δ1P
2 ⋅ 𝜏LT ≈ 10-34 cm4/photon ⋅ 10-16 

s = 10-49 cm4s/photon), which is very small compared to 1P microscopy (δ1P = 10-17 cm2/photon) 

(Xu and Webb, 2002; Papagiakoumou, Ronzitti and Emiliani, 2020), where 𝜏LT is the lifetime of 

the virtual state. The lower values of 2P cross section reduces the probability of 2P abortion, 

requiring different strategies to favor this phenomenon. In the early 2000’s, femtosecond laser 

sources were developed with ultrashort pulsed lasers capable of delivering a large number of 

photons in just a few hundreds of femtoseconds. As the 2P fluorescence for ultrashort laser pulses 

can be expressed as: S2P∝I2/𝜏f (Xu et al., 1996; Zipfel, Williams and Webb, 2003), where 𝜏 is the 

pulse duration and f is the laser repetition rate, the 2P absorption probability highly increases using 

ultrashort pulses. At the same time, the use of high-NA objectives allows to produce higher energy 

peaks by tightly focusing the light in diffraction-limited spot. The combination of high spatial and 

temporal confinement made it possible to achieve efficient 2P excitation (Helmchen and Denk, 

2005). 

In both 1P confocal and 2P microscopy, diffraction-limited spots are generally used to 

concentrate the light excitation into a small region. These spots are characterized by the beam waist 

w0 at the focal plane, defined as w0 = λ/2NA. Thus, higher objective numerical aperture (NA) 

reduces the beam waist. Moreover, the axial resolution obtained at the focal plane of the objective 

is defined by the full width at half maximum of the axial fluorescence profile and can be written as 

Δz = 2 ⋅ zR, where zR is the Rayleigh range, zR = π ⋅ w0
2/λ (Born and Wolf, 1986; Sheppard, 1996). 

Even if the lateral and axial shape of a spot can be similar with 1P or 2P excitation, a key 

difference between 1P and 2P excitation is that the fluorescence (F) is directly proportional to the 

excitation intensity (I) in 1P excitation and proportional to the square of the intensity (I2) in 2P 

excitation. Since the intensity at any position is in all the cases proportional to 1/z2 (energy 

conservation), the amount of fluorescence at every cross-sectional area (𝛷) of the illuminated light 

cone (light cone area A ∝ z2) is 𝛷 = F ⋅ A = I ⋅ A ∝ 1/z2 ⋅ z2, which is constant for 1P excitation. By 

contrast, 𝛷 = F ⋅ A = I2 ⋅ A ∝ 1/z4 ⋅ z2, which is proportional to 1/z2 for 2P excitation, giving a 

stronger localization of excitation effect and a higher optical sectioning (figure 1B-D). This results 
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in a reduction of absorption both above and below the focal plane, which also reduces the 

phototoxicity or the photobleaching into the tissue (Murphy and Davidson, 2013). 

 

Figure 1. Principle of 1P and 2P excitation. A. Jablonski energy diagrams showing the excitation 

process in 1P and 2P excitation fluorescence microscopy. 1P excitation occurs when one photon 

(hν) is absorbed, promoting one electron to the excited state (S1), blue arrow. Subsequently, the 

electron relaxes (vibrational relaxation, orange arrow) and decays to the ground state (S0) releasing 

a photon at lower energy and wavelength, light blue arrow. In 2P excitation, the process occurs in 

a similar manner but the absorption is of two photons of half-energy quasi-simultaneously to excite 

the electron, red arrows. B. and C. Optical sectioning in the excitation volume generated by 1P and 

2P excitation microscopy at 2 different wavelengths (Zipfel, Williams and Webb, 2003). D. 

Comparison of imaging penetration depth between 1P confocal microscopy and standard 2P 

microscopy (image adapted from Centonze and White, 1998).  

2P microscopy presents several advantages over 1P microscopy for neuroscience 

applications when the excitation light propagates through the brain. Firstly, it leads to reduced out-

of-focus fluorescence due to its higher axial confinement that decreases photobleaching. Secondly, 

it is more robust to scattering, which primarily depends on the size of the structures (d) and the 

excitation wavelength (λ) (Favre-Bulle et al., 2015). In the visible and near infrared range of the 

spectrum, the longer excitation wavelengths allow deeper penetration depths in living tissues as 

the scattering coefficient decreases with the wavelength (figure 2). More specifically, this is due to 

a highly reduction of the Rayleigh scattering contributions (d/λ<<1) and a slight increase of Mie 

scattering (d≈ λ) (Bashkatov, Genina and Tuchin, 2011; Jacques, 2013). The penetration depth can 

be increased from ~100 µm in 1P microscopy (Theer and Denk, 2006) to ~1.6mm with 2P 

microscopy (Kobat et al., 2009; Kobat, Horton and Xu, 2011). Finally, light penetration in 

biological tissues is not only hampered by the scattering but also by the medium absorption, which 

prevents the incoming photons to reach the focal volume. The absorption free path (labs) refers to 

the average distance traveled by a photon through tissue before being absorbed. In the 600-1150 
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µm range, there exist the so-called transparency window where labs is maximized, as most 

components of brain tissue minimally absorb at these wavelengths. As the scattering is lower with 

longer excitation wavelengths, 2P microscopy it therefore more suitable for image deep structures 

in the brain with cellular and subcellular resolution. Finally, there exists another window between 

1650-1850 nm, which is characterized by a relative minimum in absorption that, combined with 

the lower scattering, makes 3P excitation possible to access even deeper region within the brain 

(Horton et al., 2013; Cheng et al., 2014; Chen et al., 2018; Wang et al., 2020; Streich et al., 2021). 

 

Figure 2. Penetration depth in single and multiphoton microscopy. A. In vivo 2P microscopy 

images of cortical vasculature in a mouse brain. Maximum intensity side projections of normalized 

image stacks for 1280 nm 2P microscopy (2PM) and for 775 nm 2PM are shown on the left and 

right, respectively (adapted from Kobat et al., 2009). B. Absorption and scattering coefficients of 

biological tissue for different wavelengths and the combination of both coefficients. 3P excitation 

at higher wavelengths allowing deeper brain imaging with high-resolution of single cells compared 

with 2P excitation (775-1280 nm) and 1P excitation (600-775 nm) (adapted from Gigan et al., 

2022). 

 A.2.3 Imaging techniques in 2P microscopy 

In a conventional 2P microscope, images are acquired by point-scanning the 2D field of 

excitation (FOE) using a diffraction-limited spot. The lateral scanning of the spot thought the focal 

plane is achieved with the help of a scanning device, such as galvanometric mirrors (W. Denk, J. 

H. Strickler, 1990) (figure 3). To precisely focus the diffraction-limited spot onto the sample, 2P 

microscopes usually use a high NA objective (NA ~ 1) lens. These objectives enable high axial 

resolution (~ 2 µm) in a FOE of <1 mm2 (Oheim et al., 2001). In this configuration, the scanning 

device is placed at the conjugated plane of the objective’s back aperture, introducing different 
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angles to laterally move the spot within the focal plane. Subsequently, the fluorescence signal 

emitted by the sample is collected and detected by photomultipliers tubes (PMTs), synchronized 

with the scanning device to generate the final 2D image. Such systems allows for high-resolution 

brain imaging with large FOEs and at detection speeds of 5-20 frames per second (Hz) (Grienberger 

et al., 2022). Additionally, 3D images can be acquired by adjusting the axial position of the 

focusing objective to capture different focal planes. 

Recent advances in optical techniques have been directed towards expanding the FOE for 

simultaneous recording of a greater number of neurons and achieving faster acquisition frame rates 

to capture rapid dynamic biological processes. A conventional scanning unit typically consists of 

two galvanometric mirrors, including a fast mirror (1-12 kHz) and a slow one (few to hundreds Hz) 

(figure 3). These mirrors are directed by signals to deflect the light at specific angles. The fast 

mirror scans a line, while the slow mirror laterally shifts this line to cover a 2D FOV. 

Galvanometric mirrors offer flexible capabilities in terms of their scanning speed and amplitude, 

making them versatile tools that can be modified. However, their raster scanning mode may not be 

sufficient for high frame rate functional imaging. To address this limitation, galvanometric mirror 

can be replaced by faster scanning devices such as polygon mirrors (Kim, Buehler and So, 1999; 

Keller and Ahrens, 2015) or resonant mirrors (Fan et al., 1999; Nguyen et al., 2001). Polygonal 

mirrors, shaped as multi-faceted polygons, are rapidly rotated at a constant speed to scan a single 

line. Resonant mirrors, a variant of galvanometric mirrors, scan the sample at their resonant 

frequency (4-12 kHz), which enables much faster scanning of a single line (80 µs per line). When 

combined with a galvanometric mirror for the slow axis scan, this approach has demonstrated 

substantial frame rate enhancement, achieving speeds of up to 30 Hz (Fan et al., 1999; Lecoq, 

Orlova and Grewe, 2019).  

Similar devices such as digital micromirrors devices (DMDs) (Cheng et al., 2016) or micro-

electro-mechanical (MEM) scanners (Miyajima, H. and Asaoka, N. and Isokawa, T. and Ogata, M. 

and Aoki, Y. and Imai, M. and Fujimori, O. and Katashiro, M. and Matsumoto, 2003; 

Piyawattanametha et al., 2006, 2009) are also employed. Additionally, non-mechanical movement 

devices like acousto-optic deflectors (AODs) provide an alternative solution for random access 

multiphoton (RAMP) microscopy, unhindered by mechanical inertia (Lechleiter, Lin and Sieneart, 

2002; Salomé et al., 2006). AODs utilize an acoustic wave that propagates through a medium to 
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periodically alter its refractive index, effectively modifying a phase grating. This alteration diffracts 

the excitation beam at specific angles, depending on the created grating’s periodicity (Pavone and 

Shoham, 2020). Employing a pair of AODs oriented perpendicularly enables steering the laser 

beam along both the x and y directions. An additional pair of AODs, placed in the conjugate plane 

of the first pair, controls the z-focusing of the beam to generate a 3D scanning image (Akemann et 

al., 2015). It is important to note that this microscopy technique does not raster scan the excitation 

beam through all the sample but it only sequentially scans the regions of interest at kilohertz speeds 

(Villette et al., 2019). Various other systems exist for z-directional scanning, including the electro-

tunable lens (ETL) or the tunable acoustic gradient lens (TAG). These devices modulate the beam 

divergence to change the focal plane of the excitation beam.  

Not only new technological devices have improved the speed to monitor the neuronal 

activity, but also several optical configurations have shown an increase of the effective speed of 

the resonant scanner (Xiao, Davison and Mertz, 2021; Xiao, Giblin, et al., 2023). Other techniques 

perform ultrafast 2P fluorescence imaging (3 kHz) in the brain in vivo by adding smart scanning 

strategies (such as the FACED module) that scan multiple spots in the sample plane with a single 

scanning device (Wu et al., 2020; Meng et al., 2022).  

Other approaches have extended the excitation volume, including multifocal excitation 

(Kim et al., 2007; Cheng et al., 2011; Zhang et al., 2019), line scanning such as light-sheet 

microscopy (Supatto et al., 2011; Truong et al., 2011; Bouchard et al., 2015) or multiple line 

scanning across the focal plane at multiple angles to obtain recording rates up to 1 kHz 

(Kazemipour et al., 2019). Fast imaging frequencies can be also achieved by extending the 

excitation axially by creating multiple spots in the z direction (Beaulieu et al., 2020) or creating a 

line in the axial direction with a Bessel beam strategy (figure 3)(Lu et al., 2017). Ultra-fast 2P 

imaging with a large excitation spot is achievable combined with temporal focusing strategies to 

obtain a good optical sectioning (Vaziri and Shank, 2010). This approach increases the illuminated 

region with the spot, consequently increasing the frame rate up to 160 Hz in a FOE of 0.5x0.5 mm2 

(Prevedel et al., 2016).  

The combination of new fast scanning devices and adapted scanning strategies enables to 

monitor the neuronal activity with higher speeds, reaching up to 10 kHz (Duemani Reddy et al., 
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2008). For applications where a larger FOE is desired, lower NA objectives are used at the expense 

of lower axial resolutions (Stirman et al., 2016), creating mesoscopic functional 2P imaging 

microscopes (McConnell et al., 2016; Sofroniew et al., 2016). These systems use customized 

objectives (Clough et al., 2021; Yu et al., 2021) and multiple scanning devices with the proper 

aberration free lenses (Bumstead, 2018), which allow the recording of Fields of view (FOVs) of > 

9.5 mm2 at frame rates of 4 Hz (Stirman et al., 2016; Lecoq, Orlova and Grewe, 2019). 
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Figure 3. X/Y scanning strategies in multiphoton microscopy. A. Schematics of a 2P point-

scanning microscope. The light emitted by an ultrashort laser, in this case an 80 MHz repetition 

rate laser, pulse duration 150 fs and central wavelength 940 nm (10 nm bandwidth). The excitation 

beam is scanned (X/Y) using galvanometric mirrors and focalized by an objective in the same 

plane. The fluorescence signal is reflected by a dichroic mirror, filtered and detected by a PMT. B. 

Different scanning devices. From left to right: galvanometric mirror, polygonal mirror and AOD. 

Right. Example of scanning strategy with two galvanometric mirrors with the fast mirror scanning 

the fast axis and the slow mirror scanning the slow axis to cover the entire 2D FOE. C. Different 

optical scanning strategies. Multifocal scanning where multiple spots are created at the same time 

and the scanned through the FOE. Light sheet microscope where an enlarged spot in the X direction 

is scanned for fast 2D imaging. Large spot scanning system where a large diameter excitation spot 

is scanned. Bessel beam scanning where the beam is enlarged in the Z direction for 3D imaging. 

A.3 Optogenetics: molecular tools to study the brain 

In 2005, the term "optogenetics" was coined to describe the technology that uses light to 

control the activity of genetically modified neurons (Boyden et al., 2005). Since then, optogenetics 

has evolved into a non-invasive method for studying neurons in the brain (Deisseroth, 2015; 

Emiliani et al., 2022). While optogenetics typically refers to the use of light to control neuronal 

activity, in this chapter, I will use the term optogenetics in a more general meaning, referring to the 

approaches to read-out the neuronal activity by using genetically encoded indicators and to 

manipulate this activity with genetically encoded light-gated actuators.  

A.3.1 Genetically encoded indicators to read-out neuronal activity 

Neural communication relies on electrical transients, which are generated by the 

depolarization and hyperpolarization of cell membranes. These transients can be measured using 

genetically encoded functional indicators (Martin, 2012). Optical monitoring of neural activity 

commonly involves measuring two types of signals: changes in intracellular calcium concentration 

related to electrical spikes (calcium imaging) and fluctuations in membrane potential (voltage 

imaging). For that, genetically encoded calcium indicators (GECIs) such as GCaMP (Nakai, 

Ohkura and Imoto, 2001; Grienberger and Konnerth, 2012; Rose et al., 2014; Lin and Schnitzer, 

2016; Zhang et al., 2023) and genetically encoded voltage indicators (GEVIs) (Kralj et al., 2011; 

Hochbaum et al., 2014; Hou, Venkatachalam and Cohen, 2014; Gong et al., 2015) are used, 

respectively. 
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GECIs have seen extensive use and development, with laboratories regularly producing 

enhanced variants exhibiting improved brightness, sensitivity, and signal-to-noise ratio (Paredes et 

al., 2008). GECIs are used to detect neuronal activity since electrical transients, i.e. an action 

potential, induce a depolarization of the plasma membrane leading to the opening of voltage-gated 

Ca2+ channels and an increasing in intracellular Ca2+ concentration. This increase in Ca2+ 

concentration results in a conformation change of the GECI molecule, when bounded to Ca2+, so 

that it gives higher fluorescence (figure 4). These indicators, combined with optical methods, allow 

the recording of neuronal activity in hundreds of neurons in the brain in living animals (Prevedel 

et al., 2016; Demas et al., 2021). The combination of 2P excitation and GECIs have allowed the 

study the dynamics of neuronal circuits over multiple spatial and temporal scales (Chen et al., 2013; 

Stringer et al., 2019; Yu et al., 2019). 

Advanced 2P microscopy approaches for calcium imaging have enabled to record calcium 

activity of thousands of neurons distributed in extended FOE (Sofroniew et al., 2016). For instance, 

thousands of neurons across multiple areas have been recorded in a 3x3 mm2 square FOE at 7.5 Hz 

of acquisition rate with a PMT (Ota et al., 2021). These systems allow to obtain high signal-to-

noise ratios and single-cell resolution. Spatio-temporal sculpted light techniques, as the ones 

previously introduced, have allowed to perform volumetric calcium imaging in the mouse brain in 

a 1.2 mm3 volume at up to 17 Hz (Weisenburger et al., 2019). Not only a large number of neurons 

in large brain regions can be recorded with 2P microscopy techniques but also sub-cellular 

structures such as the neuronal dendrites and spines can be recorded with high spatial resolution 

with such optical microscopic strategies (Pryazhnikov et al., 2018).  

While calcium indicators are extensively utilized to record neuronal activity, it is important 

to note that they have a limitation as they are indirect reporters of electrical activity. Precisely, the 

kinetics of calcium transients are considerably slower than the action potentials, attributed to the 

prolonged inactivation of voltage-gated calcium channels and the slower kinetics of calcium 

extrusion, which are 10- to 100-fold longer than an action potential spike (Dana et al., 2019). As a 

result, accurately determining the precise timing of events or resolving spike timing on fast trains 

can pose challenges.  
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 To overcome these limitations, GEVIs are used as they directly translate changes in the 

membrane potential of neurons into a variation of fluorescence. GEVIs have the potential to 

precisely detect single action potentials and subthreshold changes in potential of the neurons. 

Moreover, as GEVIs respond to changes in membrane in either direction, it is possible to detect 

both the activation (depolarization) and the inhibition (hyperpolarization) of the neuronal activity 

when an increase or decrease of voltage is produced, respectively. Voltage imaging has been mostly 

used with 1P excitation (Quicke et al., 2019) both in vitro (Brinks, Klein and Cohen, 2015; 

Chamberland et al., 2017) and in vivo (Gong et al., 2015; Kannan et al., 2018; Roome and Kuhn, 

2018; Villette et al., 2019; Xiao, Cunningham, et al., 2023). Thanks to the recent advances in kHz 

imaging strategies, 2P excitation voltage imaging of more sensitive and photostable voltage 

indicators have been recently performed (Li et al., 2020; Wu et al., 2020; Evans et al., 2023; Sims 

et al., 2023). 

 

Figure 4. Schematic diagram of GECIs. The fusion of a fluorescent protein (such as GFP) to a 

specific binding domain can be used to report on the production of certain signaling molecules. 

GCaMP sensor consist on a molecular switch that contains calmodulin (CaM) and M13 inserted 

into the GFP (left). The addition of Ca2+ ions, induce CaM to bind with M13, which leads to 

increase of the GFP fluorescence (right).  

A.3.2 Genetically encoded actuators to manipulate neuronal activity 

Although optical stimulation of neurons dates back to 1971, when laser radiation was used 

to scan the surface of the ganglion of the marine mollusk Aplysia californica to map cellular 

interconnections (Fork, 1971), the term "optogenetics" was coined approximately two decades ago 

by Boyden et al. to describe the modern neuroscience tool that enables genetically targeted optical 
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control of neural activity (Boyden et al., 2005). Since then, optogenetic actuators have 

revolutionized our understanding of neuronal function and continue to drive advancements in the 

field of neuroscience. 

Genetically encoded actuators (Martin, 2012) play a crucial role in the manipulation of 

neuronal activity, complementing the advancements in genetically encoded functional indicators. 

These optogenetic actuators are categorized into two main types: those that activate neuronal cells 

(depolarization) and those that inhibit neuronal activity (hyperpolarization). Among all the 

different types of actuators that have been discovered or engineered, microbial opsins have 

emerged as the most widely adopted approach in optogenetics (figure 5).  

As an example, Channelrhodopsin-2 (ChR2), a prominent microbial opsin, is a light-gated 

ion conducting channel that enables the influx of sodium ions (Na+), leading to neuronal 

depolarization within an incredibly fast timeframe of 1-2 milliseconds upon visible light 

illumination (Bamann et al., 2008). Such millisecond-scale precision allows for the generation of 

events that mimic the patterns of endogenous single-spike action potentials (Boyden et al., 2005). 

Conversely, halorhodopsin and archaerhodopsin or GtACRs and KCRs act as inhibitory opsins 

(Vierock et al., 2022), inducing hyperpolarization of neurons through the opening of chloride ion 

(Cl-) and proton (H+) pumps or chloride ion (Cl-) and potassium ion (K+) channels, respectively. 

These opsins elicit hyperpolarization within 8-15 milliseconds after visible light illumination (Han 

and Boyden, 2007). On the past years, researchers have been dedicated to developing new variants 

of these opsins, either from the same species or different ones, with enhanced characteristics such 

as faster kinetics, heightened sensitivity, and diverse absorption spectra (Emiliani et al., 2022). 
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Figure 5. Examples of different opsin variants. Upon exposure to blue light, Channelrhodopsins 

(ChR2) allows cations to enter the cell causing a depolarization of the cell membrane and an 

excitatory response of the cell. In contrast, Halorhodopsin (NpHR) upon exposure to yellow light, 

results in a hyperpolarization and an inhibitory response of the cell with the entrance of anions (Cl-

) into the cell (Adapted from Guru et al., 2015). 

Targeting specificity is a crucial consideration in the realm of optogenetic tools. The task 

of achieving selective expression of light-sensitive proteins in specific cell types while excluding 

others is a labor-intensive process. To accomplish this, various methods are employed, such as 

transfection, viral transduction, or the creation of transgenic lines (Pastrana, 2010). Specific 

promoters or recombinase-based conditional systems, such as the Cre-lox systems (Sauer, 1987; 

Sauer and Henderson, 1988), are frequently utilized to restrict the expression of light-sensitive 

proteins to genetically identified neuronal population. 

A.4 Optical methods for optogenetics 

Over the past two decades, the development of optogenetics, along with the illumination of 

genetically encoded opsins in neurons, has revolutionized neuroscience enabling for the first time 

the mapping of neuronal function with cell type specificity or analyzing local circuits activity in a 

non-invasive manner (Boyden et al., 2005; Mancuso et al., 2011; Yizhar et al., 2011). Initially, 1P 

microscopes used visible light delivered in a wide-field configuration (figure 6A) (Werley, Chien 

and Cohen, 2017). However, with this illumination approach, cellular specificity relied solely on 

genetic targeting strategies that allow opsins’ expression in specific cellular types. This strategy 
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offers limited insights into the mechanisms that regulate neuronal circuit functions, as neurons of 

the same class may exhibit diverse response patterns (Ohki et al., 2005; Curtis and Kleinfeld, 2009; 

O’Connor, Huber and Svoboda, 2009), while wide-field illumination only allows for the 

synchronous activation of entire populations of neurons, controlling them collectively. To address 

questions concerning the fine-scale organization of the neuronal circuits, such as determining how 

many neurons are needed to trigger a specific behavior or identifying dominant nodes in neuronal 

circuits, the spatial resolution of the illumination light need to be scaled-down to the level of 

individual neurons. To achieve this, optogenetics has developed new, non-invasive, illumination 

methods that offer single-cell spatial resolution and millisecond temporal precision for 

manipulating individual cells or subgroups of cells within the same genetically identified 

population (Ronzitti et al., 2017). Among them, 1P excitation has been used to achieve single-cell 

precision manipulation of multiple neurons using fast scanning devices that target one by one the 

desired neurons (Bechtold, Hohenstein and Schmidt, 2013; Akemann et al., 2015; Nadella et al., 

2016; Szalay et al., 2016), or patterned light to target multiple neurons simultaneously (Farah, 

Reutsky and Shoham, 2007; Wang et al., 2007; Guo, Hart and Ramanathan, 2009; Wyart et al., 

2009; Arrenberg et al., 2010; Grossman et al., 2010; Stirman et al., 2011; Zhu et al., 2012). 2P 

excitation approaches have the advantage of overcoming the limitation of tissue scattering, 

favoring deep light penetration and axial confinement. However, traditional 2P approaches are 

deficient because of the low conductivity (Feldbauer et al., 2009) and channel density (Nagel et 

al., 2002, 2003) in most optogenetic actuators, requiring the development of advanced optical 

strategies. 

A.4.1 Neuronal activity manipulation techniques in 2P microscopy 

Two main strategies for 2P optogenetics have emerged in the last years, which can be 

categorized based on whether the illumination light is focused into a diffraction-limited spot that 

is rapidly steered across the neuron(s) or the light illuminates with an extended spot the entire 

neuronal soma(s). In the following paragraphs, I will describe these different light-targeting 

strategies. 

• Scanning strategies. Initially, the idea of using a static diffraction-limited spot to precisely 

target individual neurons deep within the brain was explored. However, this approach 
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encountered limitations due to the low conductance of the opsin channels, preventing the 

generation of action potentials by simply activating the few opsin molecules contained in the 

confined spot. To overcome these limitations, in 2009 Rickgauer and Tank refined the strategy 

for 2P photostimulation by implementing a sequential opsin-channel recruitment that involves 

fast scanning of diffraction-limited spot across the cell soma (Rickgauer and Tank, 2009). This 

approach was applied first in cultured cells and later in vivo (Prakash et al., 2012). Different 

scanning methods, such as raster or spiral scanning, were tested to maximize the stimulation 

efficiency. The illumination time (T) or temporal resolution to generate the desired response 

(action potential, inhibition, behavior response,…) in N neurons using this strategy is given by 

(Ronzitti et al., 2017): T = N ⋅ [n ⋅ tdwell + (n-1) ⋅ tcell] + (N-1) ⋅ tmove = N ⋅ Tdwell + (N-1) ⋅ tmove. 

Here, n represents the number of points that illuminate each cell, tdwell is the dwell time per 

position, tcell the scanning time from one point to another within the same cell, and tmove the 

scanning time from one cell to another. The key concept here is the total time that the spot 

spends in scanning a neuron, T(N=1) = Tdwell, which must be shorter than the decay time (τoff) 

of the opsin and define the temporal resolution of this approach. This ensures that the generated 

serially evoked depolarizations integrate efficiently. It is important to note that with spiral 

scanning, the total illumination time Tdwell depends on the scan parameters such as the 

illumination power, time or scan length within the cell and the opsin kinetics and expression. 

Generally, this strategy has been used with slow decay time opsins (τoff = 5-30 ms) (Rickgauer 

and Tank, 2009; Packer et al., 2015), limiting the possibility to generate spikes at fast 

frequencies (Emiliani et al., 2015). 

For multi-cell excitation, each cell is sequentially visited and spiral scanned (figure 6B), which 

inherently limits the maximum number of cells that can be photoactivated or inhibited within 

a few milliseconds to just a few (Xue et al., 2022). To address this limitation, spiral scanning 

can be combined with Spatial Light Modulators (SLMs), that are used to multiplex the 

diffraction-limited spot, creating multiple holographic diffraction-limited spots at every desired 

cellular target (as described in more details in A.4.2). Then, these spots are simultaneously 

spiral scanned on each neuron (Packer et al., 2012, 2015). The illumination time of N neurons 

for this system can then be defined as T ≈ n ⋅ (tdwell + tcell) = Tdwell. 
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• Parallel strategies. Parallel or scanless illumination generates an excitation spot that is tailored 

to illuminate a defined cell structure (dendrite, spine, soma). To illuminate the entire neuronal 

soma, an enlarged spot of ~15 µm diameter is commonly used (Rickgauer, Deisseroth and 

Tank, 2014). Two strategies can be employed to generate enlarged excitation spots. In the first 

one, a simple configuration uses a low-NA Gaussian beam (Bittner, Andrasfalvy and Magee, 

2012; Pégard et al., 2017), which is sequentially moved from one cell to another to 

photostimulate multiple neurons. The illumination time in this case is given by T = N ⋅ tdwell + 

(N-1) ⋅ tmove (Rickgauer and Tank, 2009; Peron and Svoboda, 2011; Rickgauer, Deisseroth and 

Tank, 2014). The second strategy uses a SLM to generate an extended spot using generalized 

phase contrast (GPC) (Papagiakoumou et al., 2010; Bañas and Glückstad, 2017) or computer-

generated holography (CGH) (Papagiakoumou et al., 2008; Bègue et al., 2013; Hernandez et 

al., 2016; Accanto et al., 2018; Forli et al., 2018). These approaches enable to multiplex targets 

in 2D or in 3D in the case of CGH (figure 6C) (introduced in A.4.2) (Papagiakoumou et al., 

2008, 2010, 2013; Bègue et al., 2013; Szabo et al., 2014). In this case, the illumination time to 

stimulate N cells is independent of N and is only limited by the single cell dwell time: T = tdwell, 

needed to, e.g., trigger an action potential in a single cell. However, since the illumination is 

now distributed over larger areas, the power demand is higher than in scanning approaches.  

In the parallel strategy, the illumination is independent on the number of targets and only 

depends on the stimulation parameters, including the illumination time and power, the spot size 

and shape and on the opsin used. 

 

Figure 6. Neuronal activity manipulation strategies. A. 1P wide-field light stimulation targeting all 

opsin-express cells. B. 2P light stimulation with a scanning approach where multiple cells targeted 
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with a diffraction-limited spot are spirally scanned at the same time with galvanometric mirrors. 

C. 2P light stimulation using a parallel approach where large excitation spots target the entire 

desired cells simultaneously reducing the total time to photostimulate the opsins expressed in the 

neurons. 

A.4.2 Computer generated holography 

Computer-generated holography (CGH) is a technique that utilizes a SLM, a device based 

on a liquid crystal matrix, which can be controlled to modify the phase of a coherent optical 

wavefront (figure 7). The modulation of the incident beam with a phase profile or a hologram that 

is calculated and displayed onto the SLM allows to modify therefore the excitation wavefront in 

order to create arbitrary beam shapes into the sample plane. The phase calculation is performed 

using an iterative Fourier transforms-based algorithm between the focal plane and the back focal 

plane, known as the Gerchberg & Saxton (GS) algorithm (Gerchberg, 1971). To achieve a desired 

pattern at the focal plane, the GS algorithm computes the phase to be displayed in the SLM, i.e. at 

the back focal plane. Recent developments have introduced new algorithms that enhance 

computation speed and optimize the optical intensity distribution at the focal plane (Pégard et al., 

2017; Eybposh et al., 2020).  

CGH allows the generation of arbitrary and complex shapes, which can be multiplexed into 

a 2D or 3D volume to cover single or multiple targets simultaneously. However, as GS algorithm 

converges faster if the phase at the sample plane is a free parameter, the electric field at the focal 

plane have pseudo-random phases at neighboring points that interfere either constructively or 

destructively, causing intensity inhomogeneities called speckle (Ronzitti et al., 2017). Various 

methods exist to smooth the phase profile of the spots to remove the speckles in the patterns, but 

they come with drawbacks such as reduced light efficiency in terms of transmitted power and a 

compromise in temporal resolution (Amako, Miura and Sonehara, 1995; Lutz et al., 2008; Golan 

et al., 2009; Guillon et al., 2017; Aharoni and Shoham, 2018; Eybposh et al., 2022). 
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Figure 7. Principles of computer-generated holography. The laser beam illuminates the SLM 

which display a computer-generated phase hologram to reproduced the desired pattern at the focal 

plane. This hologram can reproduce 2D and 3D light patterns from a GS computer-based iterative 

algorithm. This pattern will multiplex the incoming beam to target the illumination at the desired 

neurons. 

In the following, I will introduce some of the important parameters that should be 

considered while using liquid-crystal SLMs with CGH such as the FOE they can access, the 

diffraction efficiency in this FOE, the light losses and the SLM time speed. 

1) The FOE is restricted by the maximal lateral displacement that the crystals or pixels of 

the SLM can introduce. The maximal deflection angle (θ) is related to the spatial period of 

diffraction grating (Λ) by this relation m ⋅ λ = Λ ⋅ sin(θ), where m is the diffraction order (m=1 for 

the first order) and λ the central laser wavelength. In the case of the SLM, the minimal spatial 
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period is given by Λ = 2 ⋅ dSLM, where dSLM is the pitch of the SLM. The entire screen of the SLM 

(L) is defined as L = N ⋅ dSLM, where N is the number of crystals in a square N x N matrix that 

composes the SLM. Considering small angles approximation (sin(θ) ~ θ), we can represent the 

maximum deflection angle in terms of the pixel size of the SLM: θMAX = λ / 2 ⋅ dSLM. Using the 

maximal deflection angle, the maximal lateral displacement at the sample plane (ΔxMAX), after the 

excitation objective (focal length = fobj), can be expressed as: ΔxMAX = θMAX ⋅ fobj (figure 8A). 

Typically, a telescope system with magnification M is introduced between the SLM and the 

excitation objective to match the size of the SLM with the objective’s back aperture pupil, filling 

its aperture. With this consideration, the expression we obtain that: ΔxMAX = λ ⋅ fobj / 2 dSLM ⋅ M. 

Therefore, the maximal FOE diameter is: FOEMAX = 2 ⋅ ΔxMAX = λ ⋅ fobj / dSLM ⋅ M (Golan et al., 

2009). 

For a given SLM size, if the system magnification M is fixed, it is possible to increase the 

maximal FOE by reducing the pixel size and increasing the number of pixels N into the SLM. 

However, as the pixels size are smaller, larger deflection angles on the beam are produced 

introducing higher dispersion of the light, which can introduce aberrations in the optical lenses 

placed after the SLM (Bumstead, 2018). Another consideration is the tradeoff between the FOE 

and the resolution. To obtain a relation between these two parameters, we consider that we fill the 

objective back aperture. With that, we can achieve the diffraction-limited lateral resolution: PSFX 

= λ / 2 ⋅ NA. Moreover, geometrically, the diameter of the pupil’s objective is: φobj = 2 ⋅ NA ⋅ fobj. 

If the magnification system between the SLM and the objective is designed such that they match, 

L ⋅ M = N ⋅ dSLM ⋅ M = φobj. By combining these equations, we express: dSLM = 2 ⋅ NA ⋅ fobj / N ⋅ 

M. Finally, we can derive the relationship between the FOE and the resolution: FOEMAX = λ ⋅ fobj / 

dSLM ⋅ M = λ ⋅ N / 4 NA = PSFX ⋅ N / 2. From this, it's apparent that, for a given SLM, an increase 

of the maximum FOE leads to a broader PSF, consequently resulting in a reduction of optical 

resolution. Similarly, it is shown that the maximal axial excitation field FOEz, for spots generated 

in a 3D volume, can be expressed as: FOEz = n ⋅ λ ⋅ fobj / dSLM ⋅ M⋅ NA, where n is the refractive 

index of the immersion medium. 

 

2) As the SLM is a diffractive element, it generates different diffraction orders. We can 

express the diffraction efficiency of the light intensity diffracted at the order m (ξm) as a function 
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of the number of pixels used in the SLM (Nx) to create a displacement x: ξm = (
si n(𝜋(𝑚/𝑁𝑥))

𝜋(𝑚/𝑁𝑥)
)

2

 

(Benton and Bove, 2008). The number of pixels N for a displacement x can be expressed as: N = 

λ ⋅ fobj / dSLM ⋅ M ⋅ x. 

Combining these two equations and considering the order m=1 of diffraction of the SLM, 

we obtain the relationship between the diffraction efficiency of the SLM and the lateral 

displacement in X and Y. ξ (X, Y) = sinc2(dSLM ⋅ M ⋅ X / λ ⋅ fobj) x sinc2(dSLM ⋅ M ⋅ Y/ λ ⋅ fobj) (figure 

8B). 

This equation links the power loss for a spot displaced at a certain distance from the center 

of the FOE, where the efficiency is 100%. It leads to an inhomogeneous optical power density over 

the entire FOE, which needs to be corrected to create uniform spots at any X, Y position. Thereby, 

a diffraction efficiency correction is commonly used in systems using SLMs to create constant light 

illumination spots patterns in the excitation volume (Golan et al., 2009; Hernandez et al., 2016). 

3) Commonly, the SLM modulates and sends the 1st diffractive order to the sample plane. 

However, zeroth order is also produced from the non-modulated light, which appears in the middle 

of the FOE of the image plane. The zeroth order arises from various factors. First, it results from 

the empty spaces between the liquid crystals that directly reflect the incoming light, accounting for 

about 5-10% of the illuminated SLM area. Second, losses occur in the protective glass of the SLM, 

which is commonly designed to operate within a broad band of wavelengths. Lastly, due to the 

complexity of the phase profile, when complex patterns with significant high frequency phase 

variations are required, the overall diffraction efficiency of the phase pattern decreases, resulting 

in the addition of light into high diffraction orders or to the zeroth-order component (Goodman and 

Silvestri, 1970; Persson, Engström and Goksör, 2012; Ronzitti et al., 2012). 

Various strategies exist to remove the zeroth order in the sample plane (Palima and Daria, 

2007; Hernandez et al., 2014). One approach involves diverging the zeroth-order light over a large 

area by using cylindrical or spherical lenses, taking advantage of the non-linearity of the 2P 

excitation effect. The SLM then modulates the 1st order by adding the phase of a cylindrical lens 

to the displayed hologram to counterbalance and compensate for the aberration introduced with the 

physical spherical or cylindrical lenses placed in front of the SLM. Since the zeroth order is non-

modulated by the SLM, it will remain with the aberrations and it will be removed from the FOE in 
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the sample plane (figure 8C). Another straightforward strategy is to physically block the zero order 

in an imaged plane before the sample plane. This can be achieved by adding a beam blocker, which 

also blocks a region in the center of the FOE where it will not be possible to generate spots. 

 

Figure 8. Parameters of an optical system for CGH with a SLM. A. Schematic representation of 

an optical system for CGH application in microscopy using a SLM. Two lenses (f1 and f2) are 

placed in a 4f configuration to image the SLM screen at the objective BFP. The maximal deflection 

angle of the SLM is represented as well as its maximal lateral displacement at the focal plane. B. 

Graphical representation of the diffraction efficiency. The X/Y axis are normalized with the 
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maximal lateral displacement for a given optical configuration. C. Zero-order correction shown in 

a 2P fluorescence image (blue square) where the spot in the middle (the zero order) of the Eiffel 

tower pattern (1st diffraction order φmask) is removed with a cylindrical lens placed in front of the 

SLM. The Eiffel tower pattern is preserved (red square) without any aberration by digitally 

counterbalancing (-φabb) with the SLM the aberration induced by the cylindrical lens (adapted from 

Hernandez et al., 2014). 

4) CHG is commonly used with approaches in which sequential generation of independent 

illumination patterns is achieved by projecting multiple holograms at a speed that is limited by the 

liquid crystal SLM refresh rate (60-300 Hz) and the cells illumination time (few to tens of ms). 

Recent advancements in SLM technology have enabled to achieve higher refresh rates, of 300-600 

Hz (Thalhammer et al., 2013; Marshel et al., 2019). Additionally, optical strategies for ultrafast 

sequential light targeting have been developed (Faini et al., 2023). The strategies involve dividing 

the SLM into multiple vertically aligned holograms that are rapidly scanned at the kHz rate. 

Finally, when using large 2P excitation spots, a limitation arises as the axial resolution 

scales with the square of the lateral spot size when using low-NA spots or GPC and linearly with 

the lateral spot size in the case of CGH (Papagiakoumou, Ronzitti and Emiliani, 2020). Therefore, 

when creating extended excitation spots to stimulate the entire cell body, the single-cell axial 

resolution is lost. In the brain, neuronal circuits are extremely dense structures packed into 3D 

tissue (Helmstaedter, 2013), making it crucial to stimulate these structures with single-cell axial 

resolution. To overcome this limitation the generation of low-NA spots, GPC or CGH are combined 

with temporal focusing (TF) (Oron, Tal and Silberberg, 2005; Zhu et al., 2005). 

A.4.3 Temporal focusing combined with CGH 

TF uses a diffraction grating to diffract the different spectral components of an ultrashort 

laser beam at various angles (Oron, Tal and Silberberg, 2005; Zhu et al., 2005). The dispersion of 

the colors of the beam are then recombined after the objective, at the focal plane, where the grating 

is reimaged and all the colors of the laser spectra come together again. This dispersion leads to a 

broader pulse duration in all out-of-focus planes, which is then recompressed to its shortest value 

only at the focus of the excitation objective, broadening again when propagating away (figure 9A-

C). The implementation of TF with a diffraction grating allows to decouple the dependence 

between lateral size of the spot and its axial resolution (Papagiakoumou et al., 2008). CGH 
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combined with TF can be performed simultaneously with the diffraction grating placed after the 

SLM, in the focal plane of a lens placed in between the SLM and the grating. This innovative 

combination offers the potential to extend the size of the illumination spot, thereby enabling fast 

and precise excitation of multiple targets in 2D with single-cell axial resolution (figure 9B) 

(Papagiakoumou et al., 2008; Ronzitti et al., 2017; Papagiakoumou, Ronzitti and Emiliani, 2020). 

As it will be discussed in chapter 3, extending CGH with TF (CGH-TF) for light targeting in 3D 

can also be performed, but is not straightforward and requires to use multiple optical devices 

(Hernandez et al., 2016; Pégard et al., 2017; Accanto et al., 2018; Faini et al., 2023). 

 

Figure 9. Implementation of TF combined with CGH. A. The SLM generates a 2D illumination 

pattern on a diffraction grating that is then imaged at the objective focal plane. The different 

wavelengths of an ultrashort laser pulse are dispersed by a diffractive grating. The different color 

components are recombined only at the focal plane achieving its shortest pulse duration. The laser 

beam illuminates the SLM which display a phase hologram to reproduced the desired pattern at the 

focal plane. B. Comparison between CGH without and with TF. Axial optical sectioning is 
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achieved thanks to TF that reduce the out-of-focus 2P excitation where the peak intensities of the 

femtosecond laser pulses are too week to generate significant 2P absorption (adapted from 

Papagiakoumou, Ronzitti and Emiliani, 2020). C. Representation of the axial propagation of a 

temporally focused beam where the photons are not only focalized spatially (left) but also 

temporally (right) at the focal plane, thus reducing the out-of-focus excitation probability (adapted 

from So, Yew and Rowlands, 2013). 

A.4.4 2P all-optical brain studies 

Optogenetics can be implemented using all-optical systems where light-targeting 

photostimulation and functional imaging are performed simultaneously using genetically encoded 

reporters and actuators. The initial demonstration of 2P-all optical investigations were conducted 

in awake mice co-expressing the opsin C1V1 and the GCaMP3 calcium indicator (Rickgauer, 

Deisseroth and Tank, 2014; Packer et al., 2015). In these experiments, two high-power ultrafast 

laser sources emitting at 920 and 1064 nm were used for imaging and photostimulation, 

respectively. Employing a scanning light-targeting approach, in which multiple diffraction-limited 

spots are generated by a SLM and then spirally scanned over multiple neurons, this configuration 

enabled, coupled with functional imaging, to trigger calcium transients in tens of neurons co-

expressing the opsin and the calcium indicator (Packer et al., 2015). 

Since then, similar approaches have been used to link neuronal circuits manipulation to 

mice behavior, such as their response to sensory or cognitive input (e.g., orientated grating or cued 

action) (Carrillo-Reid et al., 2019; Marshel et al., 2019; Gill et al., 2020; Robinson et al., 2020; 

Daie, Svoboda and Druckmann, 2021; Russell et al., 2022). 

These experiments demonstrated the feasibility of 2P activation of individual neurons’ 

activity while simultaneously recording spontaneous neuronal activity in a FOV of 240 µm 

(Carrillo-Reid et al., 2019) in the visual cortex of awake mice. For example, in all-optical 

experiments with computational analysis of physiological data obtained from the recorded neuronal 

activity, specific neurons displaying a high degree of functional coupling to many other neurons 

have been identified. This coupling can be replicated by manipulating those cells (Carrillo-Reid et 

al., 2019). Precisely, using 2P holographic optogenetics in the mouse visual cortex, behavioral 

performance (licking) in response to a visual task (visual stimuli) was altered by repetitively 

stimulating a group of neurons with single-cell precision. This behavior change could subsequently 
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be reproduced with a reduced external stimulus and by optogenetically activating an ensemble of 

neurons responsible of that behavior, creating a causal role of neuronal ensembles in visually 

guided behavior. 

Another advantage of all-optical optogenetics is to simultaneously image and control 

neuronal activity at different axial planes, enabling a precise interrogation of multi-layered circuits. 

For example, the manipulation of a group of neurons at single-cell resolution using CGH-TF, 

combined with 2P imaging, such as with GCaMP, provides a means to investigate the contributions 

of individual neurons within dense networks such as the retinal circuit. Functional connectivity in 

the mouse retina, involving different types of cells (e.g., rod bipolar cells and ganglion cells), was 

studied by selectively activating individual and defined groups of rod bipolar cells while recording 

the activity evoked in connected ganglion cells. This approach allows the derivation of the 

receptive field that describes how one group of cells impacts the other type (figure 10) (Spampinato 

et al., 2022). 

 

Figure 10. 2P all-optical investigations in retina circuits. A. Scheme of 2P optogenetics 

manipulation of retinal information at single-cell resolution and 2P imaging recording of the retinal 

output signal to dissect retinal circuits. B. Schematics of simultaneous photoactivation of groups 

of Rod Bipolar Cells (RBCs) by using a SLM and TF and functional imaging of Ganglion Cells 

(GCs) via 2P raster scan. C. CoChR/GFP-expressing RBCs (up) and GCaMP6-expressing GCs 

(down) within the same XY FOV located on retina layers 60 μm axially apart. Different colors 

correspond to different patterns of photoactivation across RBCs (up) and different monitored GCs 

(down). D. Calcium response induced on different GCs cells upon photoactivation of RBCs with 

different illumination patterns. Each row corresponds to a different pattern of stimulation in the 
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RBC layer as shown in C. Each line corresponds to the response of a different GC as shown in C. 

The red line indicates the timing of the holographic stimulation (adapted from Spampinato et al., 

2022). 

A.4.5 Challenges of 2P all-optical brain studies 

In this section, I will discuss several key challenges that could significantly broaden the 

applications of 2P optogenetics that were addressed during my PhD such as 1) performing these 

studies in freely moving animal or 2) with a more compact and simple system for lasers with 

multiple colors.  

1. Freely moving: Currently, 2P all-optical experiments in mouse brain have been 

performed in head fixed animals. This is a limitation when studying neuronal circuits implicated 

in tasks related to orientation, navigation, complex motion tasks or social behavior, requiring freely 

moving mice (Cai et al., 2016; Murugan et al., 2017; Wang et al., 2017; Levy et al., 2019; 

Giovanniello et al., 2020; Olson et al., 2020; Karigo et al., 2021; Parker et al., 2022). 

To overcome this limitation, several systems have been miniaturized to record the neuronal 

activity in freely moving animal, including head-mounted 1P wide-field miniscopes (Aharoni and 

Hoogland, 2019; Aharoni et al., 2019), 2P or 3P miniaturized microscopes connected to a single 

optical fiber with a portable scanning unit attached to the animal's head (figure 11A) (Helmchen et 

al., 2001; Göbel et al., 2004; Duemani Reddy et al., 2008; Sawinski et al., 2009; Zong et al., 2017, 

2021; Klioutchnikov et al., 2020, 2023; Park et al., 2020; Li et al., 2021) or 1P or 2P systems using 

a bundle of optical fibers with the scanning and beam manipulation unit placed before the bundle 

(figure 11B) (Szabo et al., 2014; Ozbay et al., 2018). 

Most of these systems can only perform imaging in freely moving mice while only few 

configurations have so far enabled all-optical circuit manipulation. Among them, few systems have 

been developed to perform wide-field 1P excitation to photostimulate the same (Stamatakis et al., 

2018) or a different (de Groot et al., 2020) brain area as the recorded one. Patterned light for multi-

target optogenetic photostimulation has been also performed combining 1P excitation with a DMD 

(Zhang et al., 2021), by coupling a standard bench microscope to a fiber bundle and attaching the 

output facet of the fiber to a mini-objective (figure 11B) (Szabo et al., 2014). All these systems 

used 1P excitation light for both recording and manipulating the neuronal activity. This introduced 
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several limitations due to the use of visible wavelengths and 1P excitation, which hindered deep 

illumination from the brain’s surface and the spatial resolution of the targeted light to manipulate 

individual neurons in a dense neuronal population. 

The main goal of my PhD has been to develop a 2P fiber-based microscope, 2P-FENDO 

(Accanto*, Blot*, Lorca-Cámara* et al., 2023), to perform for the first time 2P optogenetics and 

2P imaging in freely moving mice. This system is specifically designed for fast recording neuronal 

activity and performing high-resolution optogenetic stimulation in freely moving mice, using 2P 

excitation coupled to a multicore fiber. In chapter 2, I will present the state of the art of existing 

optical strategies to study the neuronal activity in freely moving mice and the details of 2P-FENDO. 

The details will include a description of the setup's characterization when using a fiber bundle and 

a gradient refractive index (GRIN) lens, its application in conducting 2P all-optical studies in freely 

moving mice, and the recent advancements made to enhance the capabilities of 2P-FENDO. 
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Figure 11. Towards 2P holographic optogenetics in freely moving animals. 2P microscopes could 

be directly coupled to an optical fiber or a miniaturized and head mounted microscope. A. 2P high 

resolution system that allows the recording of hundreds of neurons simultaneously with a single 

core fiber attached to a miniaturized and light miniscope (adapted from Zong et al., 2021). B. 1P 

fiberscope to perform all optical experiments with 1P imaging and 1P holographic optogenetics 

through a fiber bundle and a micro-objective. Single-cell resolution is achieved near the surface of 

the brain and single cell optogenetic stimulation is achieved as shown in the calcium activity traces, 

where the activity increases when the neuron is stimulated (time of stimulation indicated with the 

blue lines) (adapted from Szabo et al., 2014). 
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2. Simplicity and multicolor: 2P optogenetics can be performed with a scanless approach 

by using CGH and TF (TF-CGH) to create multiple extended spots that illuminate simultaneously 

the desired neurons with single-cell resolution. Most implementations using this strategy can only 

achieve 2P optogenetic photostimulation with high temporal precision within a 2D region, which 

corresponds to the image plane of the diffraction grating. To extend experiments to a 3D region, 

additional optical elements are generally required beyond the diffraction grating for TF and a single 

SLM. For example, an additional SLM or a static phase mask can be used together with the 

diffraction grating for TF, which is placed in between the two SLMs (or a SLM and a phase mask) 

(Accanto et al., 2018). Other systems also use a rotating diffuser or a galvanometric mirror to 

achieve multiple spots in 3D with single-cell precision (Faini et al., 2023). However, these systems 

are non-straightforward to align and synchronize as they used multiple devices, increasing the 

overall complexity and cost of the experiment. Finally, the use of multiple lasers at different central 

wavelengths for multicolor experiments aligned into the same beam path complexifies more the 

system. The use of a diffraction grating for TF, which disperse each wavelength of the lasers at 

different angles, need an additional beam switching element to recombined the different 

wavelengths to focalize them at the same focal plane. 

To overcome these challenges, during my PhD I developed a new approach for multicolor, 

single-cell targeting in a 3D volume by replacing the diffraction grating for TF with a multicore 

optical fiber bundle. This system reduces significantly the complexity of previously described 

setups. Additionally, due to the replacement of the diffraction grating with a fiber bundle, which 

randomizes the phase among its different cores at the output, the system becomes nearly 

wavelength independent. It is shown that this system can be used to multicolor experiments where 

two lasers at different wavelengths are coupled into the fiber bundle, to perform multicolor 3D 

light pattering with high resolution. This can be important for experiments that require dual-color 

imaging and photostimulation of the same or different subsets of neurons, or dual color activation 

and inhibition of the same cell to control its activity. In chapter 3, I will provide an overview of the 

current state of 3D light targeting approaches, and I described and characterized a new approach 

(Lorca-Cámara et al., 2024), with a comparison with existing strategies. 

A. 5. Fibers Bundles 
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Throughout my PhD, fiber bundles have played a central role in our developed systems due 

to their various advantages that allowed us to overcome the challenges presented previously. In 

this section, I introduce fiber bundles, elucidating its optical properties and showing how ultrashort 

laser pulses propagates through them to perform 2P all-optical studies. I will particularly focus on 

the temporal and spectral broadening introduced by fiber bundles and delve into potential 

compensation techniques.  

Optical fiber bundles are constructed by bundling together hundreds or even thousands of 

individual fiber cores, forming an elongated and flexible form of optical waveguide. These bundles 

can vary in size depending on factors such as the dimensions of the individual cores or the total 

number of cores within the bundle. This leads to bundle diameters ranging from a few hundred of 

micrometers to several millimeters, with lengths spanning from several centimeter to a few meters 

(figure 12). In most cases, fiber bundles are crafted from either glass or polymers. Among the glass 

materials, fused silica (SiO2) stands out as a popular choice for various applications. This is due to 

its numerous beneficial properties, which have already been extensively employed in optical fiber 

communications, fiber lasers and amplifiers, as well as fiber-optic sensors (Snyder and Love, 

1983).  

In terms of the silica properties, silica boasts excellent optical transparency across a broad 

spectrum, in particular within the infrared region, where it exhibits low absorption and scattering 

losses. Silica fibers can be conveniently cleaved, polished or fused to achieve flat and clean 

surfaces. Their mechanical strength against pulling or bending is notably high, though this attribute 

naturally depends on factors such as fiber thickness and the number of cores. For instance, minimal 

bending radius (< 1cm) is obtained for a 1.65mm diameter fiber bundle composed by 18k cores 

(Schott fiber bundle) whereas a 0.55mm diameter fiber bundle composed by 15k cores (Fujikura 

fiber bundle) achieve a bending radius of 30 cm. The variations in bending radius are primarily 

attributed to differences in the fabrication process. The Schott fiber bundle is produced using a 

leaching process, which contributes to its enhanced flexibility and a much smaller bending radius 

compared to the Fujikura fiber bundle. Silica fibers are chemical stable, being resistant to water, 

humidity and even high temperatures. The refractive index of these fibers can be altered by 

introducing diverse dopant materials. This doping can encompass not only the fiber core but also 

the cladding surrounding the cores as the NA of the fiber depends on the refractive index of the 



46 
 

cores (n1) and the cladding (n2): NA = √n1
2 − n2

2. This results in a diverse range of NA values, 

mostly between 0.1 and 1 with different dopant materials. Notably, silica fibers also exhibit high 

damage threshold with short laser pulses (Gambling, 2000; Paschotta, 2020e). 

For the fabrication of the fiber bundles, there is a wide range of methods, although a 

common prerequisite usually is a fiber preform in which, typically, a cylindrical optical glass is 

used for drawing the optical fiber. In the case of multiple cores fibers, like fiber bundles, individual 

single-core fibers are assembled together to yield a bundle. The arrangement of single-core fibers 

often adopts a hexagonal pattern, although circular, rectangular, irregular, and alternative 

configurations can also be employed (figure 12). The creation of single-core employs diverse 

techniques such as vapor deposition strategies or the rod-in tube method. In the latter approach, a 

glass rod is inserted into a lower refraction index glass tube that are connected by heating. The 

subsequent process involves pulling out cooling the fiber to solidified it. The fiber core diameter 

can be precisely controlled via manipulation of the pulling speed and the temperature, thereby 

ensuring a constant fiber core diameter throughout. Once all the fibers are assembled, a thin 

polymer coating is typically applied for protective purposes, followed by curing. Acrylate or 

silicone materials are frequently chosen for these coatings due to their capacity for high-

temperature resistance (Wang et al., 2006; Paschotta, 2020b). 
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Figure 12. Principles of Fujikura and Schott fiber bundles. A. Measured 2P fluorescence when the 

fiber bundles are illuminated and imaged into a uniform rhodamine sample. Imaged and zoomed 

views of a 1.1 mm (left) diameter Schott fiber bundle and 0.55 mm diameter Fujikura fiber bundle 

(right) with 8 µm diameter fiber cores (left) and 4 µm diameter fiber cores (right) with hexagonal 

configurations. B. Example of the binding of a Schott fiber bundle of 1.1 mm diameter, 0.9 m 

length and 18k cores of 8 µm diameter fiber cores. C. Schematic of light launching the proximal 

end of the fiber bundle with an illumination NA similar to the fiber NA with a certain pattern (letter 

A) and the same pattern emerging from the distal end through the illuminated cores with an angle 

given by the fiber NA. D. Original image transmitted to the proximal end of the fiber bundle and 

experimental image captured at the distal end of the fiber bundle (adapted from Porat et al., 2016). 
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The fiber bundles are characterized by three crucial parameters: the core size, the inter-core 

distance and the NA of the fiber. The typical core sizes (a) of these bundles range from 3 to 20 

micrometers. To quantify the number of modes that propagates through the cores, the V number is 

employed, a dimensionless parameter defined as: 

𝑉 =
2π

λ
⋅ 𝑎 ⋅ 𝑁𝐴 

The number of modes that are present in the case of the fiber bundles used during my thesis 

(a = 4 - 5 µm, NA = 0.2 - 0.3) are between 2 - 6 modes, which are close to a single mode fiber 

propagation than to a multimode fiber (> 100 modes). For a given laser wavelength, the total 

electric field distribution in a multimode fiber results from a superposition of contributions from 

the different modes. The intensity profile is influenced not only by the powers attributed to all the 

modes, but also by their relative phases. This dynamic interplay can lead to constructive or 

destructive interference of diverse modes at specific locations within the fiber. Both the powers 

and optical phases are initially determined by the launching conditions, and the relative phases (and 

thus the interference conditions) evolve further due to the mode-dependent propagation constants 

(Bhatia, Rustagi and John, 2014; Sivankutty et al., 2016). 

In comparison to single-mode fibers, multimode fibers and fiber bundles have a lower NA 

of 0.2 - 0.3, accompanied by higher propagation losses without bending as irregularities between 

the core-cladding interface can scatter the light more efficiently. Launching light into a multimode 

fiber or a fiber bundle is easier as they have greater tolerances concerning the spatial location and 

propagation angle of the incident light (figure 13). However, specific requirements must be met to 

effectively launch light into the fiber bundle. For instance, the input light’s angles should not 

exceed the arcsin of the fiber bundle NA. Another requirement, to minimize power losses, it is 

important to ensure that the incoming light exclusively interacts with the fiber cores and avoids the 

cladding. In fiber bundles with a hexagonal arrangement, power losses can exceed 50% if the light 

encompasses the entire bundle, leading to substantial absorption of the light by the cladding 

(Paschotta, 2020a). Fiber bundles transmission properties can also vary with the incident 

illumination angle. The illumination can also introduce autofluorescence and Raman scattering due 

to the refraction index variations in the fiber bundles. This is more pronounced when using UV 
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light but it is also presented in the IR range. The autofluorescence effect represent an increase of 

the background signal when performing imaging (Udovich et al., 2008). 

 

Figure 13. Electric field amplitude profiles for all the guided modes of an optical fiber at a specific 

wavelength. The fundamental mode (LP01) with an approximately Gaussian intensity distribution, 

and a number of higher-order modes with more complicated spatial profiles are shown (Paschotta, 

2020c). 

A.5.1 Ultrashort pulses propagation in fiber bundles 

The electromagnetic wave propagation through dispersive nonlinear media like the optical 

fibers introduce some effects that have been studied and that have been considered during my PhD 

while using ultrashort light pulses.  

Group Delay Dispersion 

Light propagation inside a dielectric medium depends on the optical frequency ω. This 

effect, referred to as chromatic dispersion, results from the dependence of the refraction index of 

the medium on the frequency 𝑛(ω). This dependence can be approximated by the Sellmeier 

equation (Arregger, 1973) : 
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𝑛2(ω) = 1 + ∑
𝐵𝑗ω𝑗

2

ω𝑗
2 − ω2

𝑚

𝑗=1

 

where ω𝑗 are the resonance frequencies of the medium and 𝐵𝑗 is the strength of each 

resonance j. Fibers are normally made with bulk-fused silica, whose parameters for this equation 

can be found in (Malitson, 1965). Fiber dispersion is particularly manifested when working with 

ultrashort pulses as different colors travel at different speed 𝑐/𝑛(ω) as it happens with fiber bundles 

and 2P microscopy. This effect can be accounted expanding the mode-propagation constant β in a 

Taylor series about the central frequency ω0 at which the laser spectrum is centered: 

β(ω) = 𝑛(ω)
ω

𝑐
= β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)2 + ⋯ 

where β1 = 1/𝑣𝑔 and 𝑣𝑔 represent the group velocity, i.e., the speed of the envelope of the 

optical pulse. β2 represents the dispersion of the group velocity and is responsible for pulse 

broadening. It is possible to quantify the total dispersion by the dispersion parameter D that is 

related to β2: 

𝐷 =
𝑑β1

𝑑λ
= −

2π𝑐

λ2
β2 

This dependency describes the phenomenon call group velocity dispersion (GVD) (figure 

14). Depending on the sign of the GVD parameter, the fiber can exhibit normal dispersion as D < 

0 (β2 > 0) or anomalous dispersion if D > 0 (β2< 0). The contribution of D depends on the fiber-

design parameters such as the core radius or the core-cladding index. Therefore, there exist fibers 

designed to compensate for the dispersion effect, known as dispersion-compensation fibers 

(DCFs). In standard silica fibers, β2 ~ +35 fs2/mm at 800 nm and β2 ~ -26 fs2/mm at 1500 nm, 

being β2 ~ 0 at 1300 nm. It is also important to define the group delay dispersion (GDD), as the 

GVD by unit length. For long fiber bundles the group delay dispersion can be important. For 

example, with a 2-meter fiber bundle the GDD can be > +40000 fs2 at 1000nm. 
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Figure 14. Group Velocity Dispersion of an ultrashort laser pulse propagating in a dispersive 

medium. The spectral components of the laser pulse (blue, green and red arrows) propagates at a 

different speed in the medium, introducing a delay. In this case, a positive chirp (dispersion) delays 

more the short wavelength compared to the long wavelengths so that the initial pulse is broadened 

after propagating through the dispersive medium. 

The effect of GVD on optical pulses propagating inside a fiber bundle for a Gaussian pulse 

of amplitude U (z, T) can be analytically determined for any time T at any distance z inside the 

fiber: 

𝑈(𝑧, 𝑇) =
𝑇0

(𝑇0
2−𝑖β2𝑧)

1/2 𝑒𝑥𝑝 (−
𝑇2

2(𝑇0
2−𝑖β2𝑧)

), 

where 𝑇0 is the temporal pulse width (Marcuse, 1980). 
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Figure 15. Dispersion-induced broadening of a Gaussian pulse inside a fiber at 𝑧 = 0, 𝑧 = 2𝐿𝐷  

and 𝑧 = 4𝐿𝐷. 𝐿𝐷 = 𝑇0
2/β2. Group velocity dispersion at 1030 nm β2 = 1060 fs2/m and T0 = 150 

fs. 

In figure 15 it is clearly shown that pulse shapes can vary in function of the fiber length for 

this example where a Gaussian beam is propagated through a silica fiber bundle. Depending on the 

specific situation, GVD can have different important effects. It is responsible for either dispersive 

temporal broadening or compression of ultrashort pulses, like in this case, depending on the 

dispersion properties of the fiber bundle and the wavelength used. 

To compensate for pulse broadening caused by GVD, techniques such as dispersion-

compensating fiber (Jones et al., 2007) or glass rods (for anomalous dispersion fibers) can be 

designed. These methods are used to counterbalance the fiber’s dispersion, resulting in a final GVD 

close to zero. Additionally, modulable chirping systems with two diffraction gratings are mostly 

used to compensate for the dispersion pulse broadening introduced by GVD, so that the final pulse 

duration is similar to the original laser pulse duration (Treacy, 1969). During my thesis, I employed 

the latter approach, which involved incorporating a pulse compressor inside the lasers, to 

compensate for the dispersion introduced primarily by the fiber bundle but also by other optical 

components within the systems I worked with. 

Self-Phase Modulation 

The Kerr effect is a nonlinear optical phenomenon that occurs when light propagates 

through crystal and glasses, including fiber bundles. This effect manifests when high intensity light 

(I) from an ultrashort pulse propagates through these materials, modifying their refractive index 

according to:  

𝑛(𝑇) = 𝑛1 + 𝑛2𝐼(𝑇),  

where 𝑛1 and 𝑛2 are the linear and nonlinear refractive indices, respectively, and I is 

proportional to the square of the electric field at any time T. For silica fibers, the nonlinear index 

is ~ 3 ⋅ 10−16 cm2/W. The temporal variation leads to Self-Phase Modulation (SPM), which 

depends on the pulse’s temporal profile, its wavelength and intensity (Stolen, R.H., Ashkin, 1973; 



53 
 

Bahaa E. A. Saleh, 1991). SPM leads to spectral narrowing or broadening of optical pulses (Fisher 

and Bischel, 1975) and becomes important when high power is used as the nonlinear phase shift 

can be expressed as: 

ϕ𝑁𝐿(𝑇) = 𝑛2𝐼(𝑇)ω0𝐿/𝑐, 

where L is the fiber length. 

It is possible to describe the nonlinear spectral narrowing or broadening from the nonlinear 

phase. When the pulse propagates through a fiber, new frequency components are generated: 

ω(𝑇) = ω0 + δω(𝑇), where δω(𝑇) = dϕ𝑁𝐿(𝑇)/𝑑𝑇 that is referred to as frequency chirping. 

These new frequencies can be different from the initial pulse spectrum and therefore they can 

broaden or narrow the pulse spectrum after the propagation through the fiber. For instance, for an 

unchirped Gaussian pulse, SPM induce spectral broadening (pulse narrowing) as shown in figure 

16. 

Figure 16. Self-phase modulation effect in a single core fiber. A. An initial unchirped Gaussian 

pulse of 180 fs is propagated through a 3.35 um silica single core fiber at different powers per core 

(from P0 to 7P0), where P0 is the threshold peak power that induces the SPM effect. B. Simulation 

of the propagation of an ultrashort pulse in a fiber, where self-phase modulation is the dominant 

effect on the pulse within the first 30 mm of propagation distance (Paschotta, 2020d). 

If the initial pulse is chirped, SPM leads to spectral narrowing (Stolen and Lin, 1978). As 

shown in figure 17, the spectrum of the initial pulse (figure 17A) is narrowed after propagation 

through a single core fiber (figure 17B). The direct consequence of the spectral narrowing when 

high peak powers of ultrashort pulses propagate through a fiber is the pulse broadening (Helmchen, 
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Tank and Denk, 2002; Lelek et al., 2007; Kalashyan et al., 2012; Choi and So, 2014; Lefort et al., 

2014). 

Figure 17 illustrates the pulse broadening due to SPM of a chirped Gaussian pulse after the 

propagation in a 5.5 µm fiber. SPM can be reduced by using low peak energies, by reducing the 

fiber length or by compensating it inducing spectral broadening by propagating the transform-

limited pulse into polarized maintained fibers (PMF) (Lefort et al., 2014). 

 

Figure 17. Self-phase modulation effect in a 5.5 µm core fiber as a function of the average 

transmitted power. A. Autocorrelation traces (up) and normalized spectrum (down) for the initial 

pulse. B. Experimental (left) and simulated (middle) autocorrelations, and spectra (right, simulated 

spectra dashed) for a 5.5 µm core fiber at three different power levels. C. Pulse broadening and 

spectral compression as a function of average transmitted power. FWHM of (A.) intensity 

autocorrelation and (B.) spectrum for a 5.5 µm core fiber (filled circles) and a 10 µm core fiber 

(open circles). The solid curves represent the numerical simulations (adapted from Helmchen, Tank 

and Denk, 2002). 

The spectral narrowing, or pulse broadening, due to SPM have been also measured by 

employing the same fiber bundle as the one used during my PhD. In this case, Ozbay et al., 2018 

measured the output pulse spectrum and the spectrum after propagating a chirped ultrashort laser 

pulse (initial pulse duration 80 fs, 910 nm central wavelength, 80 MHz repetition rate) through a 

Fujikura fiber bundle (figure 18). Different powers per core where used (1 mW and 40 mW) 

showing that for high powers per core the pulse spectrum is narrower due to the effect of SPM. 
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Figure 18. Spectral narrowing in a chirped Gaussian pulse. A. Measured spectral intensities of the 

laser pulse at the output of the laser, B. at the output of the fiber bundle with low power per core 

(1mW) and C. with high power per core (40mW) that induces spectral narrowing, i.e. pulse 

broadening, due to SPM effect (adapted from Ozbay et al., 2018). 
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B. 2P all-optical studies in freely moving mice using a flexible 

fiber bundle  

This chapter focuses on the recent optical advancements that have been developed to record 

and manipulate neuronal activity in freely moving animals. Subsequently, I present the central 

objective of my PhD, which is to conduct 2P all-optical studies in freely moving mice by using a 

flexible fiber bundle. 

B.1 Introduction 

B.1.1 The interest of brain studies in freely moving animals 

Studying animals' behaviors in their natural, unrestrained state is essential for 

understanding crucial neuronal processes. This significance becomes particularly evident when 

animals are involved in complex motor tasks, engage in spatial navigation within their natural 

environment, or interact socially with other animals or with their surroundings. I will give here few 

examples of recent results that explored the behaviors of freely moving rodents in different 

situations. Such experiments could not be carried out in head restrained conditions and thus serve 

as example of the importance of study neuronal processing during natural behavior. 

A study in the visual cortex of mice during the estimation of jumping distances enabled to 

investigate how neural circuits convert sensory information into motor output (Parker et al., 2022). 

Mice used vision to accurately calculate distances when jumping across variable gaps while 

researchers recorded the neuronal activity in the visual cortex. Subsequently, through wide-field 

optogenetic inhibition of the visual cortex, responsible for distance estimation, it was possible to 

impair jumping performance. This unique insight into the interplay between sensory processing 

and motor control can only be effectively explored in freely moving animals. 

 Single-photon miniscopes have been used to record animals' neural activity during 

navigation and learning new tasks, revealing brain plasticity mechanisms and neural circuit 

adaptations to varying behavioral contexts (Ghosh et al., 2011; Cai et al., 2016). An exemplary 

study of the role of secondary motor cortex (M2) in processing environmental information was 
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recently performed in freely moving rats (Olson et al., 2020). It was observed how the animals use 

the spatial information in a maze to plan actions during the navigation. It was shown that neurons 

recorded with electrodes in M2 integrate the position, route and orientation in the maze and this 

was used to plan and execute left/right turning actions. This enabled researchers to identify M2 as 

a key structure that controls planning and execution during spatial navigation, representing a base 

to study the processing of spatial cognition into motor output (Olson et al., 2020). 

As a third example, interactions with the surroundings have been also investigated in freely 

moving mice. External factors (food reward, tunes, electric shock) have been used to study fear 

learning in the amygdala brain region and defensive behavior, which is involved in a range of 

adaptive behaviors that require the animal to be freely moving to naturally react to the different 

stimuli presented (Grewe et al., 2017; Giovanniello et al., 2020). These results have implications 

in the understanding of memory formation and learning in the brain in natural behaving animals. 

Finally, social and sexual interactions are also important to be investigated in freely moving 

animal (Kingsbury et al., 2019; Levy et al., 2019; Karigo et al., 2021b, 2021a). A study in freely 

moving mice investigated the neural basis of social interactions by examining interbrain neural 

activity correlations in pairs of socially interacting mice with a single-photon miniscope 

(Kingsbury et al., 2019). The findings revealed that during social interactions, mice exhibited 

synchronized activity in the dorsal medial PFC, with these interbrain correlations dependent on the 

nature of the interaction. The results shown that synchronized activity could not be solely attributed 

to coordinated behavior but appeared to reflect future social interactions and dominance 

relationships in a competitive (dominant-subordinate) context. 

As the previously described experiments clearly show, like many others (Händel and 

Schölvinck, 2019), it is fundamental to study neuronal activity in correlation with certain types of 

animal behaviors in their natural environment, i.e. in freely moving animals. Not only this, but 

different studies also showed that head fixed animals present higher stress levels (Rector and 

Harper, 1991) and can induce significant differences in the neuronal responses (Aghajan et al., 

2015; Liberti et al., 2022), which might bias the interpretation of the results. For all these reasons, 

in the recent years and being the framework of this thesis, it has been fundamental to develop new 

and powerful optical systems to record and manipulate neuronal activity of different brain areas 



73 
 

during animal behavior (Aharoni and Hoogland, 2019; Aharoni et al., 2019; Klioutchnikov and 

Kerr, 2023). 

B.1.2 Optical systems to study the brain in freely moving animals 

In order to optically investigate the neuronal circuits in freely moving rodents, three main 

strategies have been proposed: 1) single-photon miniscopes; 2) two-photon miniaturized 

microscopes; and 3) fiber bundle-based microscopes. 

1. Single-photon miniscopes. These devices typically employ a Light Emitting Diode 

(LED) source, a small sCMOS (Scientific Complementary Metal–Oxide–Semiconductor), and 

miniaturized optics such as GRIN lenses, within a device that weighs less than 5g (figure 19) 

(Ghosh et al., 2011; Park et al., 2011). Such integrated miniature microscopes have been 

extensively used for wide-field Ca2+ activity imaging studies in freely moving mice and rats (> 200 

publications, Kim and Schnitzer, 2022), birds and monkeys (Roberts et al., 2017; Kondo et al., 

2018; Bollimunta et al., 2021). Since the first demonstrations of single-photon miniscopes (Ghosh 

et al., 2011; Park et al., 2011), commercial one-photon miniscopes as well as open-source wide-

field miniscopes have been developed, such as the UCLA Miniscope (Cai et al., 2016), FinchScope 

(Liberti et al., 2017), CHEndoscope (Jacob et al., 2018), MiniScope (Zhang et al., 2019) and 

NINscope (de Groot et al., 2020), that can record hundreds of neurons at >20 Hz imaging rate, 

across FOVs >0.34 mm2 (Ziv et al., 2013; Juneau et al., 2020; Guo et al., 2023; Scherrer et al., 

2023). 
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Figure 19. Miniaturized 1P excitation microscope design. A. Typical design of a miniaturized 1P 

excitation microscope used in combination with a GRIN lens and an excitation LED light source 

that is reflected down toward the specimen and transmitting emitted fluorescence goes up to the 

imaging detector, a sCMOS sensor. B. First-generation of the open-source UCLA Miniscope (3 g), 

which is mounted, via a baseplate, on a mouse head for the duration of the recording session. C. 

Maximum projection of a 10-minute motion-corrected Miniscope recording of hippocampal CA1 

pyramidal neurons labeled with GCaMP6f. D. Spatial footprints of identified neurons from the 

recording in C. 

All the systems mentioned above present relatively simple optical designs, with the use of 

miniaturized cameras and illumination LEDs placed directly above the sample and have been 

extensively used for functional imaging in freely moving rodents. Subsequently, the development 

of miniscopes with multicolor illumination has enhanced the capabilities of 1P miniscopes, 

allowing simultaneous wide-field one-photon imaging and optogenetics stimulation (Stamatakis et 

al., 2018; Srinivasan et al., 2019; de Groot et al., 2020). For example, a system with two LED light 

sources and an excitation filter for each source, at 430-460 nm for the imaging path and a 590-650 

nm for the optogenetic path (Stamatakis et al., 2018), successfully allowed imaging and 

photostimulation in freely moving mice. Another system replaced the LEDs with 1P fiber lasers, 

such as the simple modification of the UCLA miniscope, allowing for multiple and flexible light 

sources illumination through the same fiber and remains light-weight (~1.9 g). However, the use 

of wide-field illumination has limited these applications to shallow depths from the focalizing 

optics, low signal to noise ratios (SNRs) in the recorded neuronal activity, and high background 

signals, with devices that often remaining voluminous (25x15x15 mm3, Zhang et al., 2021) on a 

mouse head, which have similar dimensions. 
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To gain precision in the optogenetic photostimulation, a single-photon miniscope have been 

recently proposed using a miniaturized and light DMD that enabled optogenetic photostimulation 

with spatial light patterning on freely moving mice (MAPSI system, Zhang et al., 2021). This 

device achieved a lateral resolution of ~10 µm for patterned stimulation of individual neurons 

within a 250 µm-wide FOV. However, due to the single-photon excitation used, the penetration 

depth of the patterned stimulation spots was limited to shallow depths (< 50 µm) and the axial 

resolution ranged 30-40 µm, which cannot ensure precise single-cell targeting within densely 

populated neuronal regions. Additionally, it is worth noting that, unlike miniscopes that typically 

weigh less than 5g, this system weighs 7.8g, accounting for 25-30% of the animal’s total weight, 

which imposes significant movement constrains on the animal. 

2. Two-photon miniaturized microscopes. To overcome the limitations of single-photon 

miniscopes, in the early 2000s, fiber-based microscopes have been proposed to rely 2P excitation 

microscopes from the tabletop to the mouse brain. Precisely, in these systems, the integration of 

single-core fibers, along with commercial MEMS scanning mirrors or piezoelectric-based fiber 

scanning unit, has led to the development of fiber-based miniaturized two-photon microscopes 

(Helmchen et al., 2001; Bao et al., 2008; Piyawattanametha et al., 2009; Sawinski et al., 2009; 

Ducourthial et al., 2015; Zong et al., 2017, 2021; Li et al., 2021; Zong et al., 2022; Zhao, Zhu, et 

al., 2023) and three-photon microscopes (Klioutchnikov et al., 2020, 2022; Zhao, Chen, et al., 

2023). Their optical sectioning capabilities, improved spatial resolution, and extended imaging 

depths offer substantial benefits for many research applications, thanks to the use of 2P excitation. 

For example, one of the most advanced 2P single-core-based miniaturized microscope offers 

cellular and subcellular resolution imaging across a three-dimensional FOV of 400x400x200 µm3 

at frame rates > 4 Hz, all within a 2.4 g device (Zong et al., 2022) (figure 20A) that includes a fast 

and ultralight tunable lens composed by 4 µTlens that axially scan the beam (figure 20B). This 

system has been used with different customized mini-objectives (figure 20C) to access brain 

regions such as the visual cortex (VC), the medial entorhinal cortex (MEC) or the hippocampus 

CA1 region, enabling the detection of neuronal Ca2+ activity in more than 400 neurons within each 

brain region (figure 20D-F). However, 2P miniaturized microscopes have not, until now, integrated 

high-resolution optogenetic neuronal stimulation. This limitation arises from the use of single-core 

fibers, which lack the capability to transmit multiple light patterns to manipulate simultaneously 

different neurons positioned at various locations within the recorded FOV. 
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Figure 20. MINI2P for large-scale 2P calcium imaging in multiple brain regions. A. Schematic of 

MINI2P with key components such as a MEMs mirror for lateral scanning and the single-core fiber 

(HC-920) B. Set of 4 μTlens for axial scanning, covering a 200 µm range. C. Customized mini-

objectives for 3 different imaging applications at the VC, MEC and CA1. D-F. On the left of each 

panel: Representative image of the 2P miniaturized miniscope at different brain regions (VC, MEC, 

CA1 respectively). On the right of each panel: Examples of the recorded FOV and calcium traces 

from neurons marked in red circles of GCaMP6s transgenic mouse freely moving (Zong et al., 

2022). 

3. Fiber bundle-based microscopes. The third option involves the use of fiber bundles 

(introduced in A.5) integrated with a standard microscope, where the scanning imaging system is 

located at the optical table (Göbel et al., 2004; Dussaux et al., 2018). One major advantage of fiber 

bundles is its possibility to be integrated with patterned holographic illumination that are produced 

at the proximal end of the fiber bundle and transmitted through its multiple cores to the distal end, 
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where the patterns are focused into the brain using mini-objectives or miniaturized lenses (Szabo 

et al., 2014). A first example of this approach was developed in our lab using 1P imaging and 1P 

photostimulation through a fiber bundle to enable the manipulation of multiple selected neurons 

within a desired FOV with near single-cell axial resolution (~ 20 µm) (Szabo et al., 2014). In this 

setup, a SLM and a DMD generated illumination patterns for both holographic photostimulation 

(excitation at 473 nm) and imaging (excitation at 491 nm), respectively, that are then transmitted 

through a fiber bundle and a mini-objective to the brain (figure 21). By co-injecting mice with 

GCaMP5-G and ChR2, the system could control one or more neurons while simultaneously 

recording neuronal activity in a 240 µm-wide FOV in freely moving mice. However, it is important 

to note the limited penetration depth (< 60 - 100 µm) inherent in a 1P excitation system and the use 

of a large mini-objective (2.8 mm in diameter), that cannot be implanted deep in the brain for 

endoscopy.  

 

Figure 21. Optical setup of the fiberscope and characterization of holographic patterns. A. The 

fiberscope is composed of two illumination paths: one for photoactivation with CGH (blue path), 

including a SLM, and a second for fluorescence imaging (dark green path), incorporating a DMD. 

Backward fluorescence (light green path) is detected on a sCMOS camera. These paths are coupled 



78 
 

to the sample using a fiber bundle attached to a mini-objective. B. A “Happy face” illumination 

pattern generated with the SLM and recorded with the fiberscope showing the full FOV (240 μm 

in diameter) that was accessible for photoactivation. C. Sections of photoactivation beam along the 

x-y plane (top) and y-z plane (bottom) for a 5 μm-diameter spot with an axial resolution of 18 μm 

(Szabo et al., 2014). 

To tackle these challenges, during my PhD we wanted to overcome the limitation of the 

previous system by using a smaller mini-objective and 2P excitation. To this end, we developed a 

two-photon fiberscope (2P-FENDO, Accanto*, Blot*, Lorca-Cámara* et al., 2023) using a fiber 

bundle and leveraging its intrinsic temporal properties to achieve a good axial resolution. In a FOV 

of 250 µm in diameter, our system demonstrates both functional imaging at frame rates of up to 50 

Hz and precise optogenetics manipulation of selected groups of cells with an axial confinement of 

8 µm. This represents the first demonstration of neuronal manipulation with near single-cell 

resolution using two-photon excitation in freely moving mice. The two-photon regime allows us to 

access deeper layers of the brain, limited by the working distance of the GRIN lens (200 µm). 

B.2 2P-FENDO 

B.2.1 Paper  

My primary focus within this project was the development of the optical system for both 

2P imaging and 2P photostimulation through the fiber bundle, the system´s characterization, and 

the execution of experiments to troubleshoot and validate the system’s efficacy in real freely 

moving mice experimental conditions, conducting 2P all-optical studies in freely moving mice 

(Accanto*, Blot*, Lorca-Cámara* et al., 2023). 
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Summary 

We developed a flexible two-photon microendoscope (2P-FENDO) capable of all-optical brain 

investigation at near cellular resolution in freely moving mice. The system performs fast two-photon 

(2P) functional imaging and 2P holographic photostimulation of single and multiple cells using axially 

confined extended spots. Proof-of-principle experiments were performed in freely moving mice co-

expressing jGCaMP7s and the opsin ChRmine in the visual or barrel cortex. On a field of view of 250 

μm in diameter, we demonstrated functional imaging at a frame rate of up to 50 Hz and precise 

photostimulation of selected groups of cells. With the capability to simultaneously image and control 

defined neuronal networks in freely moving animals, 2P-FENDO will enable a precise investigation of 

neuronal functions in the brain during naturalistic behaviors. 

Keywords 

microendoscopy; 2-photon optogenetic photostimulation; freely moving mice; computer-generated 

holography; 2-photon calcium imaging; all-optical neuronal circuit manipulation; optical fiber 

bundles; GRIN lenses 

Introduction 

A key question in neuroscience is to understand the links between neuronal activity and behavior. 

This complicated task demands powerful tools to map activity patterns and precisely manipulate 



80 
 

selected neurons in the brain circuits of living and freely behaving animals1. Combined advances in 

multiphoton-microscopy and optogenetic sensors and actuators have provided the technology for in 

vivo, single-cell precise, all-optical imaging and optogenetic manipulation of neuronal circuits in head-

restrained animals 2–10. The next essential step is to extend such technologies to the study of brain 

circuits in animals that can freely perform behavioral tasks engaging the circuits of interest. If several 

systems were previously reported for imaging neuronal activity in freely moving rodents11–19, a 

precise optogenetic photostimulation approach allowing to manipulate neuronal activity at the 

single-cell level during natural behavior is still missing.  

Current systems capable of imaging in freely moving rodents can be grouped into three main 

categories: one-photon (1P) head-mounted wide-field microscopes, two- or three-photon (2P, 3P) 

systems coupled to a single optical fiber with a portable scanning unit attached to the animal head, 

and 1P or 2P systems based on a bundle of optical fibers in which the scanning and beam 

manipulation unit is placed before the bundle.  

1P head-mounted miniaturized microscopes (or miniscopes) come with a simple optical set up and, 

due to their wide field illumination, can perform functional imaging of large fields of view (FOV) (up 

to ~1mm2) at high acquisition frame rates (20-100 Hz) 11,20. However, their lack of optical sectioning 

produces relatively high background fluorescence and 1P excitation limits the imaging depth to few 

tens of µm below the miniscope objective lens.  

2P or even 3P miniaturized-microscopes14,15,19,21–27 generally use a single optical fiber as a point 

source and a miniaturized scanning unit, attached to the animal skull, to scan the excitation light 

across the focal plane. These systems outperform 1P miniscopes in optical resolution and penetration 

depth, enabling high quality recordings27 up to 40 Hz on FOVs of 400x400 µm2.  

Optogenetic manipulation in freely moving animals using the previous approaches remains 

challenging. Different 1P miniscope versions were combined with wide-field photostimulation of the 

same28 or different13 brain areas with respect to the imaging FOV, but lacked cellular resolution. 

Recently, a newer system29 incorporated a digital micromirror device (DMD) for 1P patterned 

photostimulation, but only achieved a penetration depth of ~ 30 µm and an axial resolution of 30 µm. 

On the other hand, multi-photon miniaturized-microscopes, where light is delivered on the sample 

through a single optical fiber are not compatible with the simultaneous generation of patterned light 

for multi-target optogenetic photostimulation.  

Alternatively, patterned illumination can be reached by using a fiber bundle microscope16–18,30, in 

which a bundle of optical fibers relays a regular-sized microscope to the animal head. Such an 
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approach broadens the capabilities of the system and makes it compatible with advanced optical 

techniques, such as computer-generated holography. A first fiber bundle microscope combined with 

1P-structured illumination and 1P-holographic light patterning could indeed perform optogenetic 

photostimulation with near cellular resolution, in freely moving mice. However, the use of 1P 

excitation with short penetration depth, the large size and the short working distance of the micro-

objective limited this approach to the shallow depth of 60 µm16. Larger penetration depths and better 

axial sectioning in fiber bundle microscopes could be reached by replacing 1P with 2P excitation18,31. 

However, in this case, the difficulty in propagating high energy laser pulses through fiber bundles, 

limited the imaging speed18 to 2.5 Hz on a FOV of ~200 x 200 µm2. Most importantly, 2P optogenetic 

photostimulation through a fiber bundle-based microscope has not yet been demonstrated. 

In this work we overcome these limitations by developing a flexible two-photon endoscope (2P-

FENDO) based on a fiber bundle and a gradient index (GRIN) lens for fast 2P functional imaging and 

2P holographic photostimulation of single and multiple cells in freely moving animals. To achieve this, 

we make use of extended and more efficient 2P excitation spots for both imaging and 

photostimulation and demonstrate that, by exploiting the intrinsic inter-core delay dispersion of the 

fiber bundle, 2P-FENDO keeps single-cell axial resolution independently of the size of the excitation 

spots. Using mice injected with ChRmine and jGCaMP7s in the visual and barrel cortex, we 

demonstrated functional imaging at up to 50 Hz on a FOV of 250 µm in diameter, at a depth of up to 

150 µm and, for the first time, 2P multi-target photostimulation in freely moving animals.  

 

Results  

Inter core delay dispersion and optical axial resolution characterization 

The optical setup (Fig. 1A and Methods for details) consists of two different optical paths for 

imaging and photostimulation. The imaging laser is an ultrafast fiber laser (Alcor, Spark Lasers) that 

is scanned by a galvo-resonant scanner at the entrance of the fiber bundle. The photostimulation laser 

is a low repetition rate fiber laser (Goji, Amplitude) that is spatially shaped by a SLM (Hamamatsu) 

using computer-generated holography (CGH) to generate single or multiple excitation spots at the 

imaging plane. The imaging and photostimulation lasers are focused by a 0.3 NA objective at the 

entrance of the endoscope. The micro-endoscope is composed of a 2-m long fiber bundle (Fujikura, 

diameter of 550 µm, 15000 fiber cores) and a commercial, chromatic and field corrected GRIN lens 

(Grintech, diameter of 1.3 mm) placed above the cranial window. In practice, the GRIN lens behaves 
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like a doublet, re-imaging the output facet of the fiber bundle at the sample plane (see 

Supplementary Fig.1) with a certain magnification factor (see Table 1). 

High-speed 2P imaging is achieved by scanning with a galvo-resonant scanner an excitation spot of 

variable size, at the entrance of the fiber bundle. A motorized iris on the path to the fiber bundle is 

used to change the imaging spot size and thus the total amount of power at the focal plane so to keep 

the power/core < 10 mW, which corresponds to the threshold for nonlinear effects, such as self-phase 

modulation (SPM) to occur 31–35. SPM has the detrimental effect of decreasing the wavelength 

bandwidth transmitted by the fiber, thus increasing the pulse length and decreasing the 2P excitation 

efficiency, and cannot be easily compensated for. The emitted fluorescence is collected through the 

same GRIN objective + fiber bundle system, separated from the laser light using a dichroic mirror, and 

detected by a high yield EM-CCD camera (Andor IXon Ultra 888).  

Single or multi target photostimulation is achieved by projecting at the entrance of the fiber bundle 

a two-dimensional distribution of holographic spots generated by a SLM placed at the Fourier plane 

of the microscope objective pupil.  

To increase imaging speed and photostimulation efficiency, 2P-FENDO uses excitation spots of 10-

20 µm in diameter for imaging, and 10 µm in diameter for photostimulation (matching the size of a 

neuron). In a classical optical setup, this would result in a drastic loss in axial resolution, which could 

undermine the advantages of using 2P excitation. As illustrated in Fig. 1B-C, 2P-FENDO circumvents 

this problem by taking advantage of the pulse propagation properties inside the fiber bundle.  

Fujikura fiber bundles36, as well as bundles of different types37, generally present a certain degree of 

core-to-core variation in size and shape. This results in an inter-core delay dispersion (ICDD), 

meaning that pulses coupled at the same time through different cores arrive at the sample plane at 

slightly different times, thus decreasing the out of focus 2P interaction with one another (Fig. 1B). We 

quantified this effect by interferometric measurements (Fig. 1C and Supplementary Fig. 1A) in 

which an ultrafast pulse from a Ti:sapph laser was split into two arms. One arm was sent through the fiber 

bundle, and the reference arm was delayed using an adjustable delay line. Using off-axis optical coherent 

tomography38 and demodulation, we extracted the time cross-correlation of the reference arm and the 

fiber bundle arm. Since we imaged the fiber onto a camera, we effectively measured the electric field on 

each core separately. This technique allowed us to differentiate between different modes in each core by 

using a spatial filter applied to each core in post-processing, and therefore to selectively measure the 

arrival time of the pulse in the first mode. We found that the measured average ICDD for different types 

of Fujikura fibers is in the range of 1 to 2 ps/m. With our imaging and photostimulation lasers both 
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producing pulses of ~150 fs, we experimentally confirmed that after propagation through 2 m of fiber, 

such ICDD values are sufficient to decouple in time the different cores, thus maintaining good axial 

resolution even for large 2P excitation spots (Fig. 2). We measured the axial profile for two different 

GRIN lenses with high numerical aperture (NA) on the sample side and with chromatic and field 

corrections. The parameters of the two GRIN lenses are listed in Table 1. The axial profiles are dominated 

by a narrow central Lorentzian peak of full width at half maximum (FWHM) of 7-9 µm. As the 2P spots 

are made larger, (> 50 µm; Fig. 1d) a broader pedestal starts to appear, which might result in out of 

focus excitation. To understand the physical origin of the pedestal, one can think that, as the excitation 

spot becomes larger, more fiber cores are simultaneously illuminated, which increases the probability 

that pulses from different cores will experience similar temporal delays, thus contributing to out of 

focus excitation. To avoid the consequent loss of axial sectioning, we always kept the imaging and 

photostimulation spots at a diameter < 20 µm, which for both GRIN lenses was unaffected by the pedestal 

component (see Supplementary Fig. 2). 

 In vivo and in vitro depth resolved imaging with different GRIN lenses 

We first assessed the capability of 2P-FENDO, with the two different GRIN lenses, to image fixed non-

scattering samples (pollen grains, Fig. 3A), scattering samples (fixed brain slices, Fig. 3B, first and third 

row), and in vivo TdTomato and jGCaMP7s expressing neurons in head-fixed and anesthetized mice (Fig. 

3B, second and forth row) with axial sectioning. For that, we acquired z stacks of the selected samples by 

moving together the fiber bundle and the GRIN lens, with a z step motor, relative to the brain surface (Fig. 

3B).  

The main difference between the two GRIN lenses is the magnification (M in Table 1) and thus the size 

of the FOV (122 µm and 250 µm respectively) and the lateral resolution (~1 µm and ~2 µm respectively). 

GRIN 1 has higher lateral resolution, it is thus more adapted to see small features at the sample, with a 

FOV limited to a diameter of 125 µm (Fig. 3A-B upper panels). GRIN 2 offers larger FOVs (250 µm in 

diameter) with lower resolution that still allows to discriminate individual cells (Fig. 3A-B lower panels, 

see STAR Methods for a detailed explanation). As better explained in STAR Methods and illustrated in 

Supplementary Fig. 3, to extend the working distance of the GRIN lenses below the cranial window for 

experiments in vivo, we always placed the GRIN lens in contact with the fiber bundle (i.e., at a smaller 

distance with respect to the input working distance, see Table 1) and used protected cover glasses on top 

of the brain surface of a thickness of ~100 µm, which is ~70 µm smaller than the cover glasses the GRIN 
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lenses are designed for. This resulted in sufficient working distance to image at depths of 150-200 µm 

through the cover glass with minor added aberrations.  

We also demonstrated morphological imaging of TdTomato expressing neurons through 2P-FENDO by 

using a 1040 nm fiber laser (Fig. 3B). This opens the possibility for functional imaging of red shifted calcium 

indicators39, which would not be efficiently excited by a 920 nm laser. As Fig. 3 demonstrates, in all cases, 

the good axial confinement produced by the ICDD of the Fujikura fiber enabled achieving a good optical 

sectioning (for the complete stack data, see Supplementary videos 1), even in fixed highly scattering 

samples (brain slices) and most importantly for in vivo imaging.  

In vivo functional calcium imaging in freely moving animals 

 We assessed the capability of 2P-FENDO to perform functional calcium imaging at the highest 

achievable speed and optogenetic photostimulation in vivo in freely moving mice, with small 

movement artefacts, excellent long-term stability and without obstructing animals’ free motions (Fig. 4-

6). For the following experiments we always used GRIN 2, which gives access to a larger FOV. We co-

injected an AAV9 viral vector for jGCaMP7s 40 expression together with an AAV1 vector for expression 

of the opsin ChRmine (AAV1.hSyn.ChRmine.mScarlet.Kv2.1.WPRE, see Ref. 3), both under h-synapsin 

promoter, delivered by stereotaxic injections in primary visual cortex (V1) or primary somatosensory 

barrel cortex (wS1). Four to eight weeks post injection, the cranial window surgery was performed 

under ketamine/xylazine anesthesia and the animals were given at least 3 days of recovering before 

the first day of imaging. For experiments in freely moving animals, we used a custom made, 

lightweight (Impl.1/2/3 + joint=0.7g, Fig. 4E) holder for the fiber and the GRIN lens that could be 

attached to the mouse head. The implant was positioned over the cranial window of the head fixed 

animal maintained under isoflurane anesthesia, on the first day of the imaging sessions. Once a region 

of interest was identified, the implant was cemented over the window and experiments were 

performed in the hours following the surgery (see Methods for details on preparations). The fiber 

bundle was then removed at the end of each session and inserted back in the following days to repeat 

experiments on the same FOV. For all the freely moving experiments, the space between the GRIN 

lens tip and the cranial window was filled with index matching oil for microscope objectives, to 

prevent easy evaporation that would happen in case of water immersion. As shown in 

Supplementary Fig. 3, and discussed in STAR Methods, this had the result of moving the actual focal 

plane of few µm towards the brain surface, with neglectable other effects on the optical properties. 
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 In successive experimental days, the animal was maintained 20-30 min under isoflurane anesthesia 

to position the fiber in the implant. Each experiment was spaced of at least 3 days to allow for the 

recovery of the animal.  

 We first characterized the imaging properties of 2P-FENDO by measuring the spontaneous activity 

of jGCaMP7s expressing neurons in freely moving mice (Fig. 4 and Supp. Video 2). The recordings 

were performed in cortical superficial layers (between 70 µm and 150 µm from the brain surface) at 

different imaging frame rates (from 2Hz to 50 Hz), with powers ranging from 85 to 155 mW (see 

Supplementary Table1). 

 We used a semi-automatized analysis (see Methods) based on CaImAn41, a software for calcium 

imaging data analysis, to correct for motion artefacts, select regions of interest (ROIs), extract the 

calcium traces (corrected for neuropil activity and with baseline subtraction, DF/F signal), and 

quantify the signal to noise ratio (SNR). As shown in the exemplary graphs of Fig. 4A-D (5 different 

measurement days on 3 different mice), we were consistently able to detect calcium transients in 

multiple neurons with reliable SNR at acquisition frame rates as high as 20 Hz. A significant drop in 

the SNR occurred when trying to image at the frame rate of 50 Hz (Fig. 4 D) with consequent losses 

of detectable cells, indicating that more laser power, or different imaging strategies (see Discussion) 

should be used to achieve higher frame rates.  

 Video recordings of the mouse in the cage were simultaneously acquired during the calcium imaging 

acquisitions, which allowed us to correlate the motion artefacts of the FOV with the movements of the 

animal and the relative speed, obtained by analyzing the videos of the mice with DeepLabCut42. For each 

frame in the acquisition (total duration of 300s per acquisition), we estimated the average motion of 

the FOV by using the resulting values of the planar non-rigid motion correction algorithm of CaImAn41 

(see Methods). In Fig. 4F we report the average motion artefacts over the acquisition periods in 

which the animal was moving in the cage at lower (< 5 cm/s) or higher (> 5 cm/s) speeds. Motion 

artefacts were on average around 2 µm, with peaks that could reach 8 µm for a short time, and a slight 

tendency on some cases (such as in Fig. 4F, FOV2) to increase when the mouse was moving at higher 

speeds.  

 A critical property that a head mounted system should demonstrate is its capability to allow recordings 

in moving animals without restricting their locomotion. To confirm that the fiber bundle did not hamper 

free movements or alter normal behavior we recorded trajectories, speeds and accelerations for 

different animals with and without the attached fiber. The results are shown in Fig. 5A-C, from which 

one can clearly deduce a similar level of locomotion for the control and implanted animals. Finally, as 
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Fig. 5D demonstrates, with the described implant, we could reliably perform optical experiments for 

hours with a relatively stable FOV. 

In vivo holographic photostimulation in freely moving animals 

 We next demonstrated the capability of 2P-FENDO to perform, for the first time, high resolution 2P 

photostimulation of a single or multiple targets in freely moving mice. After acquiring a reference 

image of the FOV, we selected the single or multiple neurons to target and generated with the SLM 

the corresponding holograms which also contained the corrections to achieve uniform light 

distribution across the FOV (Supplementary Fig. 4A-B). Precisely, the SLM diffraction efficiency, but 

most importantly the residual aberration of the GRIN lens 43–45, caused a marked decrease of the two-

photon fluorescence (2PF) on the edges of the FOV. To compensate for this, we generated corrected 

holograms to send more laser power to off-centered holographic spots (~ 2 times more than in the 

center), which resulted in uniform 2PF emitted from each location at the sample plane. We always 

used holographic spots of 10 µm to photostimulate neurons, corresponding to an axial resolution of 

9 µm at the center and < 14 µm at the edges of the FOV, respectively (Supplementary Fig. 4C).  

 We photostimulated ChRmine expressing cells (Supplementary Fig. 4D) with a low repetition rate 

laser (10 MHz, 1030 nm, 150 fs) by using 10 µm holographic spots and sending a train of 10 pulses of 

20 ms in duration at a frequency of 4.2 Hz with a power (measured at the GRIN lens output) of 30-40 

mW at the center of the FOV (Supplementary Fig. 4E), which was smoothly increased for off-center 

spots until reaching 60-80 mW at the edges of the FOV, to compensate for the GRIN lens aberrations. 

Fig. 6A, B show representative traces of one FOV in which we sequentially photostimulated 

different groups of neurons (Fig. 6A and Supp. Video 3) or individual neurons one by one (Fig. 6B). 

We repeated each photostimulation pattern for three consecutive times, with an interval of 50 s, as 

shown in the DF/F traces of Fig. 6A. To quantify the response of targeted cells to photostimulation, 

we averaged the DF/F signal over the three consecutive repetitions, generating the average <DF/F> 

shown in the rectangular boxes of Fig. 6a (in Fig. 6B we only show the average <DF/F> traces). As 

explained in the Methods, we used <DF/F> to compare the mean signal 2s before <DF/F>Before and 

after <DF/F>After photostimulation to assess if a neuron was or not photo-activated and to calculate 

the induced increase of fluorescence signal <DF/F>Photostim = <DF/F>After - <DF/F>Before in response to 

photostimulation. A neuron was considered photostimulated if <DF/F>Photostim was greater than 3 

times the standard deviation of the baseline signal. 

As shown in the traces of Fig. 6A, B we were able to selectively photo-activate only the neurons of 

interest, inducing responses on average of <DF/F>Photostim≈25%, with very little cross activation of 
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non-targeted cells (marked with red rectangles on the average traces). As a proof of the stability of 

the system, in Fig. 6A we also indicate the starting time of each acquisition with respect to the first 

one. As also shown in Fig. 5, we could reliably perform imaging and photostimulation experiments 

on the same FOV for hours (see also Supplementary Video 2).  

As quantified in the population graphs of Fig. 6 C, D, (representing the average behavior over 50 

different photostimulation sequences, 5 different days of measurement on 3 mice) cross activation of 

non-targeted cells was only visible at distances < 30 µm from one of the targeted cells, after which the 

activation probability and the <DF/F>Photostim decayed to zero. The ensemble of data in Fig. 6C could 

be fitted with a single exponential decay function A*exp(-x/k), with x vector of distances from the 

photostimulated cells, A normalization factor, k=205 µm characteristic decay distance, confirming 

the high spatial selectivity of the photostimulation experiments. Overall, these results demonstrate 

that 2P-FENDO has enough sensitivity and it is sufficiently robust to allow cell selective 

photostimulation in freely moving animals. 

Discussion 

 We have developed a novel fiber-based microscope, named 2P-FENDO for the 2P all-optical control 

and high-speed imaging of neuronal activity in head-fixed and freely moving mice with cellular 

resolution. This was demonstrated using 2P holographic photostimulation and 2P imaging in the 

cortex (L1, L2/3) of mice injected with the opsin ChRmine and/or the calcium indicator jGCaMP7s.  

We have used 10-20 µm diameter imaging and 10 µm diameter photostimulation spots, which 

enabled increasing the total photon flux while keeping the power per core below the threshold for 

self-phase modulation (≈10 mW for 80 MHz repetition rate lasers 31–35) (STAR Methods). We have 

demonstrated that the inter-core delay dispersion properties of the fiber bundle efficiently decouple 

the 2P excitation from different cores, thereby maintaining axially confined (< 8 µm at the center of 

the FOV, < 14 µm at the edges) excitations almost independently of the lateral spot size. When 

illuminating multiple cores simultaneously, the pulses from each core reach the output fiber facet at 

slightly different times. The GRIN lens is then used to re-image the output facet at the sample plane. 

In practice, at any given time, even if multiple cores are excited together at the fiber entrance, only 

one focus appear at the sample plane, as all the other cores are delayed differently (within few ps) by 

the fiber bundle. The fiber bundles used here thus behave as temporal multiplexing devices, similar 

to previously investigated systems used for imaging46–48, with the notable difference that the number 

of multiplexed points in this case can be as large as the number of cores in the bundle (~ 15000), as 

opposed to the < 100 of previous works.  
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By using this illumination approach combined with a high detection efficiency EM-CCD camera, we 

have demonstrated up to 50 Hz functional imaging capability on a FOV of 250 µm in diameter (see 

STAR Methods for possible strategies to enlarge further the FOV), which represents to our 

knowledge the fastest acquisition speed so far demonstrated in 2P fiber-bundle microscopes. Even at 

the highest acquisition speed, the total power sent to the sample (STAR Methods) was always kept 

well below the reported illumination threshold (≈250 mW) for persistent measurable brain 

damage49. Higher acquisition speeds with sufficient SNR could be reached by adapting the scanning 

strategy, for instance by scanning only on the cells of interest, such as in random access microscopy 

50, or by using the unique capability of 2P-FENDO to generate static holographic spots.  

We have demonstrated single and multi-target 2P photostimulation using holographic spots of 10 

µm and an average power per cell of 30-80 mW. Considering the losses through the fiber and the need 

to compensate for aberrations of the GRIN lens, with the current laser (10 MHz; 1030 nm, 5W) we 

could photostimulate ~ 10 neurons simultaneously, a number that could be easily increased by using 

commercially available higher power (up to 60 W) and lower repetition rate (< 1 MHz) lasers. 

 Previous studies6,7,9,51–55 have shown that small cortical subnetworks (<30 neurons) distributed on FOVs 

comparable in size with what is currently reachable through 2P-FENDO, can encode for perception, or bias 

learned behavioral tasks. It was also shown that the manipulation of few highly connected “hub” cells can 

control the synchronicity of larger neuronal networks 6,55. We therefore anticipate that 2P-FENDO, will 

enable to similarly affect behavioral outputs through the manipulation of defined microcircuits.  

Over conventional 1P miniscopes11,13,20,28, 2P-FENDO shows superior axial resolution and thus z 

sectioning capabilities and larger penetration depth. Multiphoton miniaturized microscopes based on 

the use of a single optical fiber and a miniaturized scanner unit15,19,26,27 offer higher spatial resolution 

and thus superior imaging quality, mainly because the lateral resolution is not limited by the inter-

core spacing as in fiber bundles. Compared to these systems, 2P-FENDO uses a larger illumination 

spot with no cost in the axial resolution, enabling 50 Hz imaging acquisitions albeit with the lower 

imaging resolution imposed by the fiber bundle. Compared to previously demonstrated fiber bundle 

based 2P microscopes 18, 2P-FENDO has a much higher acquisition speed and uses smaller and 

implantable probes. With respect to all these systems, 2P-FENDO is the only technology today capable 

of cell-precise multitarget 2P photostimulation in freely moving animals, which greatly increases the 

spectrum of applications within the reach of flexible microendoscopes. With respect to our previously 

demonstrated 1P fiber bundle system16, 2P-FENDO presents all the advantages of 2P excitation, a 

higher acquisition speed and the use of a smaller GRIN lens, suitable for deep implants.  
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A major advantage of 2P-FENDO is the simplicity of its implementation. For imaging it only requires 

minor modifications of a standard 2P imaging system (larger imaging spot and camera detection), 

without the need of miniaturized scanning units and complex custom-made optical architectures, 

which are typical of 2P miniaturized microscopes 15,19,26,27. Furthermore, considering that good axial 

resolution is obtained thanks to the ICDD effect of the fiber, 2P-FENDO does not require additional 

techniques, such as temporal focusing 56, to maintain axial resolution for extended holographic spots. 

This will also enable to use of the same microscope for head restrained and freely moving 

experiments. 

Contrary to previous works45,57,58 performed in standard 2P microscopes, in which we used SLMs to 

create multiple 2P excitations distributed in three dimensions, working with a fiber bundle prevents 

the SLM from axially shifting the generated patterns. As a result, in this configuration the SLM can 

only be used to target neurons located at one focal plane, which coincides with the imaging plane. By 

adding an axially shifting device, such as a tunable lens18,27 or a step motor59 after the fiber, one could 

simultaneously shift the imaging and photostimulation planes. By imaging at 20 Hz per plane, this 

could enable the subsequent acquisition of ~5 different planes at the total speed of 4 Hz. However, 

adding more optical components (such as tunable lenses) would also increase the complexity, volume 

and weight of the resulting device.  

Camera detection strategies, combined with multipoint illumination, were demonstrated to be able 

to detect fluorescence signal down to 300 µm in brain tissue 60,61, after which the images become too 

blurred because of scattering effects. In this manuscript we have demonstrated imaging until depths 

of about 200 µm, limited by the working distances of the GRIN lens. Optimization of surgical 

techniques and miniaturization of implants represent further developments of endoscopic 

technologies for investigation of neuronal circuits located deep in the brain. Combined with GRIN lens 

brain implantation strategies, 2P-FENDO can be employed to investigate functions of selected 

neurons in brain regions unreachable by multiphoton microscopy such as the hypothalamus62, the 

amygdala neuronal circuits 63, or the thalamus 64. For this, both GRIN lenses used in here (see Table 

1) have a total diameter of 1.3 mm, which is comparable to previously implanted GRIN lenses 51,65,66. 

When performing photostimulation experiments in freely moving animals, the stability of the 

implant is of great importance to reliably photostimulate the targeted cells. We have demonstrated 

an average displacement of the FOV, of around 2 µm during acquisitions of 300s, smaller than the size 

of a cell, and a long-term stability of the implant. However, we have also observed movements of the 

FOV larger than 5 µm, even if for short periods of time. For repetitive photostimulations, this 
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limitation could be overcome with the implementation of an active feedback loop that registers in real 

time the movement of the FOV and corrects the phase on the SLM to recenter the photostimulation 

pattern.  

2P holographic photostimulation, combined with adequate optogenetic tools67, makes it possible to 

selectively activate or inhibit specific neurons or discrete networks within a larger population, even 

among a molecularly indistinguishable sub-type. This ability, together with that of precisely 

controlling the spike timing, is fundamental to probe possible causal links between perception, 

neuronal activity and behavior, which are hard to understand with functional imaging alone1,3,9. 

Probing the role of spike timing and synchronicity in specific networks (e.g., in the visual cortex for 

sensory perception), or driving a specific temporal activity in relevant subgroups of neurons to 

trigger an appropriate behavioral response, are challenges that can be addressed with a 2P 

holographic photostimulation system68. Yet, most experiments exploring neuronal network activity 

are performed in head-fixed conditions, tempering the impact of animal free motion on neuronal 

processing. Recent works69,70 showed for example that three-dimensional head motion modulates 

visual integration in primary visual cortex V1. The heterogeneity in directionality and timing of single-

cell responses in V1 resulting from head motion uncovered a multitude of network dynamics that 

cannot be observed in head fixed conditions. With the capability to simultaneously image and control 

neuronal activity with single-cell resolution in freely moving animals, 2P-FENDO will enable to 

identify and challenge these emerging networks dynamics in order to unravel the complex brain 

processes hidden behind naturalistic behavior. 
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Figures and legends 

 

Figure 1. Optical set-up of the flexible two-photon endoscope (2P-FENDO). A) Schematics of the optical 

setup. B) Representation of the effect of the inter-core delay dispersion on the axial sectioning capabilities 

for an extended excitation spot. Left: through the Fujikura fiber bundle the incoming laser pulse 

simultaneously illuminates different cores at t0, but is outcoupled from each core at slightly different times 

(t1 to t4). As the pulses from each core do not interact with each other at the sample, the axial resolution 
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corresponds to the single core axial resolution, which ensures imaging and photostimulation with single-

cell axial confinement. Right: through a theoretical fiber bundle with no inter-core delay dispersion, the 

laser pulses from each core are outcoupled simultaneously and interact at the sample, resulting a much 

worse axial confinement. C) Measurement and schematic representation of the delays experienced by a 

laser pulse when propagating through multiple cores of a 60 cm Fujikura fiber bundle (details in 

Supplementary Figure 1). 

 

Figure 2. Axial resolutions characterization. Axial resolution measurements for extended spots of 

different sizes for the imaging (A) and photostimulation (B) lasers respectively and for the two different 

GRIN lenses (left: GRIN 1, right: GRIN2). In the case of the imaging laser, the different spot sizes were 

obtained with different apertures of the motorized iris, for the photostimulation laser, they correspond to 

different sizes of the holographic spots produced by the SLM. The axial resolutions were measured by 

moving the distal end of the fiber plus the GRIN lens together in z using a vertical step motor while 

recording the emitted 2P fluorescence from a thin (~ 1 µm) rhodamine layer with the camera detector. 

The space between the GRIN lens and the rhodamine layer was filled with water, i.e. the GRIN lens was 

used in water immersion conditions. The axial full width at half maximum of the central Lorentzian peaks 
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is as narrow as 7 µm for the imaging laser and 9 µm for the photostimulation one. The two-dimensional 

images on the excitation spots on the right were acquired with GRIN2 (see Table 1). In A) the bottom right 

image represents the position-dependent axial resolution, calculated as the full width at half maximum of 

the Lorentzian peak, for a 15 µm imaging spot that was raster scanned across the whole fiber bundle. The 

axial resolution is ~7 µm at the center and increases to ~ 13 µm at the edges of the FOV. The indicated 

spot sizes refer to the spot at the sample plane. For subsequent experiments the imaging spot size was 

maintained below 20 µm which does not affect the resolution (see Supplementary Figure 2). 
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Figure 3. Imaging capabilities of 2P-FENDO. A) 2P z-stacks of pollen grains with two different GRIN lenses. 

B). Upper panel: 2P z-stacks with GRIN1 of GFP labelled hippocampal brain slices (upper row) and in vivo 

TdTomato labelled cortical neurons in injected mouse (lower row). Lower panel: 2P z-stacks with GRIN2 of 

GCaMP6 labelled cortical brain slices (upper row) and in vivo jGCaMP7s labelled cortical neurons in 

injected mouse (lower row). GFP and jGCaMP7s labelled neurons were imaged with 920 nm laser and 
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TdTomato with 1040 nm laser. Because of the higher magnification of GRIN1, the sharp edges of pollen 

grains as well as neuronal processes are clearly visible, whereas with GRIN2 we have access to a twice 

bigger FOV. For example, of z-stacks see Suppl. Video 1. 

 

Figure 4. Imaging of spontaneous calcium activity in freely moving mice. A & C. Two representative FOVs 

in two different mice with corresponding calcium transients (dF/F) for 9 selected cells for each FOV imaged 

at low (2 or 5 Hz) and high (20 Hz) acquisition speeds. Imaging power and spot size were 135 mW and 16 

µm at all the imaging rates. B & D. SNR quantification and number of cells with SNR higher than 2 for the 

two FOVs as a function of the acquisition speed. E. Image of the implant, a lightweight, simple to produce 

and cost-effective holder for the fiber and the GRIN lens. This implant is composed of three elements 

carved from a nylon screw (RS Pro, nylon, socket hexagonal male/female, 30 mm, M4 x M, RS code: 325-

801), assembled with a joint (HLC-11 orange cone washer). The fiber (0.65 mm outer diameter) passes in 

the first element of the implant (Impl.1), through an opening of 0.7mm, then through the joint (1.1 mm 
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inner diameter), and halfway through the second element (Impl.2). Once the Impl.1 and 2 are screwed 

together the joint compresses to clench the fiber within the implant. The GRIN lens (1.3 mm outer 

diameter) is introduced in the Impl.2 from the other end, to come directly in contact with the fiber. The 

openings of Impl.2 are centered for the optimal alignment of the fiber and the lens. A third element 

(Impl.3) screws onto Impl.2 to act as a chuck, clenching the lens in position. The fully assembled implant 

was positioned over the cranial window of the anesthetized/head fixed animal, performed as previously 

described. Once a region of interest is identified, the implant is cemented over the window. Impl.3 is the 

sole element to be permanently fixed onto the animal’s head, thus allowing to make the system fully 

detachable by unscrewing Impl.2 from Impl.3. The relative position of Impl.2 in Impl.3 also changes the 

distance between the lens and the sample, allowing to manually change the focal plan of imaging. The 

total weight of the implant (Impl.1/2/3 + joint) is 0.7g. Scale bar = 5mm. Representation images of a mouse 

in its cage with the implant and the fiber bundle fixed on the head. F. Quantification of the lateral non-

rigid motion of the FOV for three different acquisitions (different color hues) of total duration of 300 s in 

2 representative FOVs of animals #1/2, see Supplementary Table1, for low (< 5cm/s) and high (> 5cm/s) 

movement speed of the mouse in the cage. Acquisition examples are presented in Suppl. Video 2. 

 

Figure 5. Mice movement with or without fiber, and long-term stability of the implant. A. Position 

tracking of two different mice for a time of 10-20 minutes, when the fiber bundle was in the implant and, 
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on a different day, without the fiber bundle (only with head plate and implant, called control in figure). In 

all cases animals were anesthetized for 20 minutes with isoflurane to have the same starting conditions. 

B-C. Probability distribution of the mouse velocity and acceleration showing no significant difference 

between the control (with no fiber) and with fiber condition. D. Examples FOVs of long time (> 1h) in 3 

different mice in freely moving conditions to illustrate stability of the FOV. Each image is the superposition 

of two images, one acquired at the beginning (in green) and one at the end (in red) of the experimental 

session. The total displacement over the entire session is < 20 µm.  
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Figure 6. High resolution photostimulation in freely moving mice. A. Photostimulation of different groups 

of 4 neurons. Photostimulated neurons are indicated by arrows in the different z projections of each 

acquisition, and their calcium traces are plotted in red. For each group of neurons, the photostimulation 

was repeated 3 times, and the average signal was calculated and plotted as “Average <dF/F>”. The starting 

time of each experiment relatively to the first acquisition is indicated on the top. B. Photostimulation of 

10 different neurons, one by one. Left: Average <dF/F> traces over 3 photostimulation repetitions for every 

neuron. Traces of neurons photostimulated are plotted in red. Red frames highlight instances of increased 

activity for non-targeted neurons concomitant with the photostimulation period. Middle: heat map 

representing the average fluorescence change <dF/F>Photostim upon photostimulation for photostimulated 

neurons (1-10) and control neurons (11-16) for each photostimulation pattern. Right: z-projection of the 

FOV showing targeted (white arrows) and non-targeted (blue arrows) neurons. Plot of <dF/F>Photostim for 

each neuron as a function of the distance from the photostimulated cell. All example data are taken from 

one FOV in animal #2, see Supplementary Table 1. C-E. Population analysis of the photostimulation 

efficiency on 5 different FOVs and 3 different mice. Each color corresponds to a different FOV. C. Activation 

probability of neurons as a function of the distance from the photostimulated cells. The black solid line is 

a fit with an exponential decay, the gray region refers to the area underneath the fit. D. <DF/F>Photostim for 

neurons that show a positive response to the photostimulation as a function of the distance from the 

photostimulated cells. In C and D in the case of multi-target photostimulation, we considered the distance 

from the closest photostimulated cell. E. Average <DF/F>Photostim for targeted and responding; targeted 

(both responding and non-responding); and non-targeted neurons, showing a significant difference in the 

response for targeted and non-targeted neurons. See the main text and Methods, for a detailed 

explanation of how <DF/F>Photostim and the activation probability were calculated. Data are taken from one 

FOV in animals #2/3/4, see Supplementary Table 1. Power distribution correction and photostimulation 

paradigm are detailed in see Supplementary Figure 4. Acquisition examples are presented in Suppl. Video 

3. 
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Table 1. Parameters of the two GRIN lenses. Input/output NA refer to the numerical aperture of the GRIN 

lenses on the fiber and sample side respectively. M is the magnification of the GRIN lens. Input and output 

working distances refer to the nominal working distance of the GRIN lenses on the fiber and sample side 

respectively. Input (output) working distances are specified for air (water) immersion respectively. Both 

GRIN lenses are suitable for imaging through a cover glass on the sample side, even if GRIN 1 is not 

specifically designed for that. The field of view and lateral resolution depend on the physical size of the 

fiber bundle (550 µm in diameter, 15000 total cores), its core-to-core distance (~ 4.5 µm), and on the 

magnification of the GRIN lens, in the way described in STAR Methods. 

STAR Methods 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and virus strains  

AAV9-CMV-GFP-WPRE Xiong et al J Clin Invest. 2015 Addgene Cat#67634 

AAV1.CAG.tdTomato Edward Boyden lab Addgene Cat#59462-AAV1 

AAV9-syn-jGCaMP7s-WPRE Dana et al Nat Methods. 

2019 

Addgene Cat#104487-AAV9 

AAV1-hSyn-ChRmine-mscarlet-Kv2.1-

WPRE 

Marshel et al Science. 2019 Addgene Cat#130995 

Chemicals, peptides, and recombinant 

proteins 

  

Dexazone (Dexamethasone) - Virbac Centravet Cat#DEX216 

Laocaine (Lidocaine) - MSD Centravet Cat#LAO001 
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Rompun 2% (Xylazine) - Bayer Centravet Cat#ROM001 

Ketamidor (Ketamine) - Axience Axience Santé Animale Cat#152500 

Lubrithal (Eye gel) - Dechra Centravet Cat#LUB001 

Buprenorphine Axience Santé Animale Cat#151244 

Isoflurane Axience Santé Animale Cat#153613 

Antisedan-ANTIDORM Axience Santé Animale Cat#152494 

Tetric Evoflow A1-IVOCLAR  Dentaltix Ca#45TE595953 

Experimental models: 

Organisms/strains 

  

C57BL/6J Janvier Labs https://janvier-

labs.com/fiche_produit/2-

c57bl-6jrj/ 

Software and algorithms 

WaveFront IV Emiliani’s Lab  Available from: vincent.de-

sars@inserm.fr 

MATLAB 2020b Mathworks https://www.mathworks.co

m/ 

FIJI/ImajeJ 2.0.0 ImageJ https://imagej.net/software

/fiji/ 

LabView 2016 National Instruments https://www.ni.com/fr-

fr/shop/labview.html 

DeepLabCut 2.1 Mathis’s Lab 

(Mathis et al. 2018) 

https://github.com/DeepLa

bCut/DeepLabCut 

CaImAn 1.9.7 Flatiron Institute https://github.com/flatironi

nstitute/CaImAn 

   

Other 

Laser Spark Alcor - ALCOR 920-4 Spark Alcor https://spark-

lasers.com/produit/alcor/ 

https://www.mathworks.com/
https://www.mathworks.com/
https://imagej.net/software/fiji/
https://imagej.net/software/fiji/
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EM-CCD Camera iXon Ultra 888 Andor - Oxford Instruments https://andor.oxinst.com/pr

oducts/ixon-emccd-

cameras-for-physical-

science 

Laser Goji  Amplitude https://amplitude-

laser.com/products/femtose

cond-lasers/goji/ 

LCOS-SLM X10468-07 Hamamatsu  http://www.hamamatsu.co

m.cn/UserFiles/DownFile/Pr

oduct/20130920095320007.

pdf 

Image Fiber FIGH-15-600N Fujikura https://www.fujikura.co.jp/

eng/products/optical/applie

doptics/03/2050110_12902.

html 

GRIN Lens 1: GT-MO-070-016-ACR-

VISNIR-30-20 

Grintech https://www.grintech.de/fil

eadmin/user_upload/Daten

blaetter/High-

NA_chromatic_and_field_co

rrected_Endomicroscopic_I

maging_Objectives.pdf 

GRIN Lens 2: GT-MO-080-032-ACR-

VISNIR-08CG-20 

 

Grintech https://www.grintech.de/fil

eadmin/user_upload/Daten

blaetter/High-

NA_chromatic_and_field_co

rrected_Endomicroscopic_I

maging_Objectives.pdf 

 

RESOURCE AVAILABILITY 

Lead contact 

Extended information and requests for resources should be directed to the lead contact, Dr. Valentina 

Emiliani (valentina.emiliani@inserm.fr). 

Materials availability 

This study did not generate new unique reagents, mouse lines or optical elements. Commercially 

available resources are indicated in the key resources table. 

https://www.cell.com/neuron/fulltext/S0896-6273(22)00742-5#sec4.1
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Data and Code Availability 

• All data reported in this paper will be shared by the lead contact upon request.  

• This paper does not report original code. 

• Any additional information required to reanalyze the data reported in this paper is available from the 

lead contact upon request. 

 

Experimental model and subject details 

Mouse lines and knockout genetics 

Wild-type males and females C57BL/6J mice (Janvier Labs) were used for experiments. All 

experiments were performed in accordance with EU Directive 2010/63. The protocols were reviewed 

by the local animal experimentation ethics committee (CETEA n.44) and authorized by the French 

Ministery of Research and Education (#201803261541580). Advices on procedures, refinement of 

animal experimentation standards, and pain and distress management are provided by the Local 

Animal Welfare Office. Animals are housed in 2-5 per cage, with a light-dark cycle of 12+12 hours, and 

food and water ad libitum. 

METHOD DETAILS 

 Imaging setup 

 The imaging laser was an ultrafast fiber laser (Spark Alcor, central wavelength of 920 nm, pulse 

duration of 150 fs, total power of 4 W, repetition rate of 80 MHz), whose output power was controlled 

by using a lambda half waveplate and a polarizing beam splitter. The internal laser compressor was 

set to ~ - 90000 fs2 to compensate for the fiber dispersion. The laser beam was first magnified using 

a 5X beam expander. It was then sent through a motorized iris to control the size of the beam at the 

fiber (and therefore at the sample), in this way we could control the imaging power by changing the 

imaging spot size without effective changes in the power/core. This enabled to keep the power per 

core always lower than the onset of self-phase modulations effects (~10 mW/core). The galvo-

resonant mirrors were placed in a Fourier plane of both the iris and the fiber entrance. The beam 

passing through the motorized iris was focused at the entrance of the galvo-resonant mirrors using 3 

lenses (f1=200 mm, f2=60 mm, f3=500 mm, for simplicity in the scheme of the setup in Fig.1 only one 

lens between the first iris and the galvo-resonant mirrors is shown). After the galvo-resonant mirrors, 
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a first lens (f4=400 mm) created an intermediate imaging plane where we placed a second iris that 

was perfectly imaged at the fiber entrance using one lens (f5=200 mm) and a microscope objective 

(Olympus, UPLFLN 10X, 0.3 NA). The second iris prevented the beam to be scanned outside of the 

fiber region, thus avoiding unwanted thermal and nonlinear effects that might come from the fiber 

coating or the fiber holder. The average power measured after the second iris was ~ 50% of the power 

measured before. This is because, to uniformly illuminate the fiber entrance, the second iris cut the 

outer parts of the scanned regions, where galvo and resonant scanners decrease their speeds and 

spend more time. The fluorescence emission from the sample was collected through the endoscope 

and the same 10X microscope objective. A long pass dichroic beam splitter was then used to separate 

it from the incoming laser beam and reflect it to the EM-CCD camera (Andor Ultra 888, 1024x1024 

pixels, pixel size 13.3x13.3 µm2). The camera was used in crop mode with a sub array of 512x512 

pixels corresponding to a maximum frame rate of 94 fps. A 180 mm focal length lens was used to focus 

the fluorescence onto the camera after passing through 2 IR blocking filters (Thorlabs TF1). To select 

green (for GFP and GCaMP7) or red (for TdTomato) fluoresce emission, a flip motor (Thorlabs 

MFF102) switched from a green to a red emission filter.  

 Photostimulation setup 

 The photostimulation laser was a low repetition rate fiber laser (Goji, central wavelength of 1040 

nm, pulse duration of 150 fs, total power of 5 W, repetition rate of 10 MHz, internal laser compressor 

set to ~ - 90000 fs2) whose power was controlled by a lambda half waveplate and a polarizing beam 

splitter. The laser beam was magnified by a 5X beam expander and spatially shaped by an SLM (LCOS-

SLM X10468-07, Hamamatsu Photonics, resolution 800 × 600 pixels, 20 μm pixel size). Two lenses 

(f1SLM=250 mm and f2SLM=300 mm) conjugated the SLM plane with the entrance of the microscope 

objective (Olympus, UPLFLN 10X, 0.3 NA). A short pass dichroic mirror was used to recombine the 

photostimulation and imaging beams before entering the microscope objective. The laser beam was 

made slightly divergent with the beam expander before arriving to the SLM, which applied a defocus 

to the beam to compensate the divergence. In this way we separated in z the planes of the 0th and 1st 

diffraction order of the SLM. A small beam blocker was then used to block the 0th order (see Ref.71). 

 Fiber and GRIN lens specifications 

 The fiber bundle used in the experiments was a 2 meter commercially available bundle (Fujikura 

model FIGH-15-600N), which was coupled to chromatic and field corrected GRIN micro-objectives 

(Grintech models GT-MO-080-032-ACR-VISNIR-08CG-20 or GT-MO-070-016-ACR-VISNIR-30-20, 
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diameter of 1.3 mm). The chromatic correction allows both the fluorescence and two laser 

wavelengths, for imaging and photostimulation, to be focused on the same plane. 

The diameter of the FOV (𝐷𝐹𝑂𝑉) currently accessible to 2P-FENDO is limited by the diameter of the optical 

fiber bundle (𝐷𝐵𝑢𝑛𝑑𝑙𝑒) and the magnification of the GRIN lenses (𝑀𝐺𝑅𝐼𝑁), according to the relation 𝐷𝐹𝑂𝑉 =

𝐷𝐵𝑢𝑛𝑑𝑙𝑒/𝑀𝐺𝑅𝐼𝑁. At the same time, the lateral resolution (𝑑𝑥𝑦) is limited by the intercore distance within 

the fiber bundle (𝑑𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑟𝑒 ≈ 4.5 µ𝑚 in for the current fiber bundle) and 𝑀𝐺𝑅𝐼𝑁, according to 𝑑𝑥𝑦 =

 𝑑𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑟𝑒/𝑀𝐺𝑅𝐼𝑁. To enlarge the FOV without affecting the lateral resolution of the system, one could 

use a bundle with a larger diameter, matching the GRIN lens diameter (~1 mm). Similar bundles are 

commercially available but have a reduced flexibility with respect to the ones used in this work, which 

would restrain too much the movements of the mice. The only alternative could be to reduce the 

magnification of the GRIN lens, which in turn depends on the ratio between the NA on the sample side 

and that on the fiber side according to 𝑀𝐺𝑅𝐼𝑁 =  𝑁𝐴𝑠𝑎𝑚𝑝𝑙𝑒/𝑁𝐴𝑓𝑖𝑏𝑒𝑟. Reducing the NA on the sample side 

could therefore enlarge the FOV at the expenses of the detected fluorescence signal. Additionally, a lower 

NA could be obtained with a GRIN lens of a smaller diameter (GRIN lenses with a diameter as small as 300 

µm are already commercially available with NAs of 0.5), which might be beneficial to reduce further the 

size of the endoscope. However, reducing the GRIN lens magnification would also cause a decrease in the 

lateral resolution. To compensate for this, one might use fiber bundles with more closely spaced cores, 

which are already commercially available (such as the S series from Fujikura).  

GRIN lens 2 is designed to be at a distance, d=200 µm from the fiber bundle, and to produce a working 

distance, WD, of 80 µm (in water or brain tissue) below a cover glass of 170 µm in thickness (see Table 1 

in the main manuscript). To increase this value and reach deeper cortical layer (L2/3), we have proceeded 

as follows: 1) we kept the GRIN lens always in contact with the fiber bundle, which increased the working 

distance in brain tissue of ~ 70 µm; 2) we used cover glasses of thickness of ~ 100 µm, which further 

increased the working distance of ~ 60 µm, taking into account the refractive index mismatch between 

glass and water (or brain). With these modifications, we could reach a working distance of ~ 150 to 200 

µm below the cover glass for in vivo experiments in the water immersion configuration (see 

Supplementary Fig. 3). GRIN lens 2 is specified by the manufacturer (Grintech) to work in water (or brain 

tissue) after the protective cover glass. To keep as much as possible these ideal conditions, in all the 

experiments on rhodamine, fixed brain slices, pollen grains, head-fixed animals the space between the 

GRIN lens and the cover glass was filled with water. To prevent water evaporation, experiments in freely 

moving mice, in which the GRIN lens is cemented on top of the craniotomy for several days, the space 
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between the GRIN lens and the cover glass was filled with a drop of index matching oil for microscope 

objectives. This, as shown in Ref.72,73 has the effect of shifting the effective focal plane, as better quantified 

in Supplementary Fig. 3. In the oil immersion configuration, the maximum attainable working distance is 

lower, namely ~ 120 to 160 µm.  

 For the characterization and the head-fixed experiments the fiber and GRIN lens were held on two 

separated mounts and could be moved one respect to the other by using a three-dimensional 

translation stage.  

 Power measurements  

 Because of the filling factor of the fiber bundle (~ 50% transmission when using a large spot 

encompassing multiple cores), the infra-red transmission of the low NA objective (~80% at 920 nm and 

~60% at 1030 nm) used to focus the laser inside the fiber and the coupling between the GRIN lens and the 

fiber bundle (~90% efficiency), the total transmission for the imaging laser is ~ 35% and for the 

photostimulation laser is ~ 27%. This value can be increased by using a higher transmission lens in the 

infra-red range but will still be ultimately limited by the filling factor of the fiber bundle.  

For the photostimulation laser one additionally has to account for the 70% efficiency of the SLM 

(considering reflection efficiency, zero order losses, diffraction efficiency losses), and the transmission of 

polarization optics (lambda half waveplates and polarizers to control the power, beam expander to enlarge 

the beam at the SLM, additional lenses to get to the objective pupil). Considering all this, we measured a 

total available photostimulation power after the endoscope of 600 mW, when starting with a 5 W laser.  

Because the imaging spot is scanned at the fiber entrance by using a galvo-resonant scanner, in order to 

completely fill the fiber, we scanned the laser beam on a square of lateral dimension of ~ 600 µm, where 

the diameter of the fiber bundle is ~ 550 µm. This ensures uniform illumination of the fiber bundle. In 

order to prevent the laser beam to hit the fiber cladding, which could possibly damage the fiber, we clipped 

the beam by using an iris placed in the first image plane after the scanners. Because the resonant scanner 

passes more time on the edges, in which it slows down and turns around, than in the center, a large 

amount of the total power is lost on the iris (or, if an iris were not used, it would be lost outside of the 

fiber). In our system, the average power measured after the GRIN lens while scanning the entire FOV was 

50% of the power measured when the beam was static (not scanned) at the fiber entrance.  

Signal comparison between core-by-core scanning and multi-core illumination. 
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A key property of 2P-FENDO, which enables faster acquisition speeds with respect to previous 2P fiber 

bundle approaches is the optimized illumination and detection scheme. By making an extended excitation 

spot, and detecting the 2P fluorescence with a high quantum efficiency and low readout noise EMCCD 

camera, 2P-FENDO gains in the total amount of photons detected per cell, which is ultimately the signal 

one is interested in when performing calcium imaging. Let us consider the case of a fiber bundle with a 

filling factor of 50% (F=0.5) and compare the two-photon signal (2PS) coming from a cell that occupies 

N=20 cores of the fiber bundle in two different cases: 1) The scanning microscope configuration, in which 

a laser intensity I is focused on a diffraction limited spot that is scanned on the cell on a total time T. Each 

core is thus illuminated for a total time that is T/(N/F) = T/(2N) in the case of a 50% filling factor. This is 

because the scanning beam at the fiber entrance has to scan also on the dark space in between different 

cores. The detection is performed with a PMT that has a quantum efficiency of ~ 40%. To avoid damage of 

the fiber, which mainly happens because during scanning one also scans in the space between fiber cores, 

the scanning configuration is practically limited to power values < 100 mW; 2) The 2P-FENDO configuration 

in which every core is excited simultaneously for a total time T with the same intensity Imax, just below 

the threshold for self-phase modulation (SPM) to occur, which was measured to be roughly 10 mW per 

core1–4. The detection is performed with an EMCCD camera that has a quantum efficiency of ~ 90 %. For 

simplicity we will assume a twice higher quantum efficiency for the camera than for the PMT. In the ideal 

case, in which the 2PS scales quadratically with the laser intensity, we obtain:  

2PSScan
Ideal ∝ A I2 T F =  A I2

T

2
 

2PSFENDO
Ideal ∝ Imax

2 T N 

Where we have introduced a scaling factor A representing the ratio between the quantum efficiency of 

the PMT and the camera (A=0.5 in this case). 

However, when using small core fibers or fiber bundles, SPM results in a longer pulse at the fiber output. 

This, in turns, means that the quadratic relation between the 2P signal and the excitation power breaks 

down above 10 mW, and the 2P signal grows sub-optimally, eventually only scaling linearly as the power 

is further increased (see for instance Ref.18,32,34,35). For instance, from Ref.35, a laser pulse of 150 fs at the 

fiber output for a power of 10 mW becomes ~ 1 ps when the power is increased to 100 mW. If we call 

Score(I) the 2PS from a single core of the fiber bundle as a function of the laser intensity, we can write the 

previous equations as:  
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2PSScan =  A Score(I) T F 

2PSFENDO =  Score(I = Imax) T N 

If we limit to powers per cores < 100 mW, considering that Score(I=100mW) ≈ 15∗Score(I=Imax=10𝑚𝑊), 

2P-FENDO, thanks to the wider illumination and the higher camera quantum efficiency is able to detect 

2.5 or 5 times the signal when using N=10 or N=20 cores and total power of 100 mW or 200 mW. This 

ultimately allows 2P-FENDO to increase proportionally the acquisition speed with respect to 2P scanning 

techniques when using comparable laser powers 

 Controlling software and synchronization with photostimulation. 

A custom-designed software written in LabVIEW was used to control the motorized iris at the 

imaging laser, the galvo-resonant scanners, the photostimulation laser power, the fast shutter to 

control the photostimulation timing, the z step motor used to move vertically the micro-endoscope, 

and the XY position stage that moved the anesthetized mouse with respect to the endoscope.  

A custom-designed software, Wavefront-Designer IV, written in C++ and using the open graphic 

library Qt 4.8.7, controlled the SLM for the dynamic CGH configuration, using Gerchberg–Saxton-

based algorithms. The software also included the phase corrections for the first-order Zernike 

aberrations. 

The EM-CCD camera was controlled with its software (Andor Solis) and externally synchronized 

with the LabVIEW software for z-stack and photostimulation experiments.  

During photostimulation a fast shutter was used to let through the Goji laser for 10 ms every 140 or 

225 ms. The EM-CCD camera was used in external exposure mode and turned off between 25 to 40 

ms in correspondence to the periods of Goji illumination. With this we removed completely any 

artifact that might come from the direct excitation of fluorescence from the photostimulation laser. 

For a better visualization of the photostimulation protocol, see Supplementary Fig. 4 

  Viral vectors injections and surgical procedure for in-vivo experiments. 

Stereotaxic injections were performed to deliver high titer adeno-associated viral vectors to cortical 

neurons of 5-8-weeks-old mice for expression of GFP, TdTomato, the calcium reporter jGCaMP7s, the 

opsins ChRmine, or jGCaMP7s+ChRmine. The following viral constructs were used (viral 

concentration in the order of 10^12 vp/ml): AAV9-CMV-GFP-WPRE (Vision Institute vector core 

facility, Paris), AAV1.CAG.tdTomato (Addgene), AAV9-syn-jGCaMP7s-WPRE (Addgene), AAV1-hSyn-
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ChRmine-mscarlet-Kv2.1-WPRE (plasmid from Addgene), or a mixture 2:1 of AAV9-syn-jGCaMP7s-

WPRE + AAV1-hSyn-ChRmine-mscarlet-Kv2.1-WPRE. Imaging and photostimulation experiments 

were performed 3-15 weeks after injection. All surgical procedures were performed in sterile 

conditions on mice anesthetized with intraperitoneal injection of a mixture of ketamine (60-80 

mg/Kg) - xylazine (5-8 mg/Kg). Eyes were protected with ophthalmic gel, and the animal was placed 

on the stereotaxic frame. The anti-inflammatory dexamethasone sodium phosphate (0.01 mg/g) and 

analgesic buprenorphine (0.1mg/Kg) were injected subcutaneously before surgery. Lidocaïne 2% 

was injected subcutaneously before opening the skin. Body temperature was kept constant at 37°C 

and anesthesia parameters were monitored all along the experiments (homeothermic system, Kent 

Scientific). Subcutaneous injections of 0.1 ml sterile saline solution ensured rehydration all along the 

experiments. 

For viral vectors injections, a craniotomy of 0.5-0.7 mm was made on the skull overlying V1 or wS1 

cortex, and 1µl solution containing the viral vector was delivered at 150-50 µm depth from the brain 

surface. Skin was sutured and mouse recovered from anesthesia. Buprenorphine was injected 8-12 

hours after surgery.  

The cranial window surgery was performed 3-15 weeks after injection. A cranial window of 3-3.5 

mm was made above and centered on the viral injection site. Dura was removed while keeping the 

brain surface moist with sterile saline solution. A 3 mm cover glass (#0, 0.085 to 0.13 mm thickness; 

Multichannel System) was placed on top of the craniotomy and sealed with dental cement (Tetric 

EvoFlow A2, Ivoclar). The head plate was then fixed with dental cement.  

Mice were given at least 3 days to recover from the cranial window surgery done under 

ketamine/xylazine. On experimental day one, mice were maintained head-fixed under isoflurane 

anesthesia (<1.5%) for 40min. The region with best expression of opsin and calcium reporter was 

identified under 2P FENDO. Then the fiber/GRIN lens holder was fixed with dental cement over the 

window.  

For in vivo freely moving imaging and photostimulation experiments, mice were let recover in their 

home cage. The light and short isoflurane anesthesia allowed for fast recovery, in the order of minutes. 

At the end of the recording session (3-4h) mice were put back on isoflurane (<5 min) to remove the 

fiber from the holder. At the start of every following session, mice were maintained 20 min head-fixed 

under isoflurane anesthesia to set-up the fiber back in the holder. With this holder system and cranial 

window surgical methodology, animals were recorded for successive experiments for up to 1.5 months. 
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The only limitation being the growth of fibrotic tissue commonly observed in chronic windows that will 

end up blocking optical access. 

 Axial resolution measurements 

 For characterizing the axial resolution and performances of the 2P-FENDO, both for the imaging and 

photostimulation lasers, the 2P fluorescence from a thin (~1 μm) spin-coated fluorescent layer of 

rhodamine-6G in polymethyl methacrylate 2% w/v in chloroform was collected through the 

endoscope and sent to the camera detector. By using a z-step motor (Thorlabs DDS100), the 

endoscope (fiber+ GRIN lens) was scanned over the desired z range to collect 3D stacks of images. We 

performed the analysis of the recorded stacks with MATLAB and ImageJ. The 2P fluorescence values 

were obtained by integrating the intensity of all the pixels in a circular area containing the (imaging 

or holographic) spot, for each plane of the recorded stack. Reported values for the axial confinement 

were the fit of the axial profile of the spots with a Lorentzian model and referred to the FWHM of the 

curves.  

 Motion correction and movement estimation 

 We used CaImAn41 to quantify and correct for the motion of the FOV, by using patched non-rigid 

motion correction. We used patches of 30-60 µm. For each frame f in the acquisition and for each 

patch p, we thus obtained the x and y displacement of the FOV in µm, called d𝑥(𝑓, 𝑝) and d𝑦(𝑓, 𝑝), from 

which we calculated the total displacement, according to 𝑑(𝑓, 𝑝) = √d𝑦(𝑓, 𝑝)2 + d𝑦(𝑓, 𝑝)2. We then 

averaged 𝑑(𝑓, 𝑝) over all patches to obtain a mean displacement for each frame, i.e. 〈𝑑(𝑓)〉𝑝. We did 

not consider patches at the corners of the images as they contained a significant number of pixels that 

corresponded to areas outside of the fiber bundle and therefore would remain static during 

acquisition. 

By synchronizing calcium acquisition with the videos of the animals moving in the cages, we could 

then divide the frames according to the animal speed into two groups: 𝑓+and 𝑓−, for mouse speeds 

greater or lower than 5cm/s. We then calculated the average and the standard deviation of the mean 

displacement over relevant frames 〈𝑑〉𝑝,𝑓+ and 〈𝑑〉𝑝,𝑓− , which are plotted in Fig.3f. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 Calcium data analysis 
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 After motion correction, we let CaImAn automatically detect active neurons. We confirmed that the 

detected regions of interest (ROIs) corresponded to actual cells by visually inspected the images and 

manually removing ROIs that did not match neurons. For each found neuron, we used the SNR value 

produced by CaImAn, according to the definition given in Ref.41. To calculate DF/F traces, we used the 

detrend_df_f function from CaImAn.  

The algorithm was run with the following parameters, following the CaImAn conventions: gnb=1 

(global background components); low thresholds: rval_lowest=0.3, SNR_lowest=0.5, cnn_lowest=0.3; 

high thresholds: rval_thr=0.8; min_SNR=2 to 2.5; cnn_thr= 0.8 to 0.9. A neuron has to exceed all the 

low thresholds and at least one high threshold to be accepted. Occasionally, after manual inspection 

we added few cells with SNR<0.5. We briefly remind that rval measures the spatial footprint 

consistency of each found component; SNR is calculated from strong peaks of fluorescence in a trace 

and considering the baseline noise over the whole trace; the cnn based classification quantifies the 

resemblance of a component to a neuronal soma using a 4-layer convolutional neuronal network.  

For photostimulation data we always repeated the same photostimulation patterns for three 

consecutive times. We then averaged the DF/F signal over the three consecutive repetitions, 

generating the average < DF/F >. We used this average signal to determine if a neuron was or not 

photostimulated and to calculate the induced increase of fluorescence signal <DF/F>Photostim = 

<DF/F>After - <DF/F>Before in response to photostimulation. We compare the average signal 2s before 

photostimulation <DF/F>Before (which constitutes our baseline signal) with the average signal during 

the 2s following the middle of the photostimulation period <DF/F>After. As the photostimulation was 

composed by 10 pulses, we calculated <DF/F>After by averaging over 2s after the 5th photostimulation 

pulse. A cell (either targeted or non-targeted) was considered photostimulated if <DF/F>Photostim was 

greater than 3 times the standard deviation of the baseline signal. 

 Image treatment 

 A downside of using disordered bundles is that the transmission and dispersion properties of each 

core can be slightly different, which results in inhomogeneous 2P signals from different cores even 

when imaging uniform fluorescent samples. In the images presented here, a Gaussian blur function 

was used to smooth out the core-to-core differences. Alternatively, this is can be solved, as shown in 

Ref.18, by mapping the spatial distribution of the 2P fluorescence on a homogeneous microscope 

fluorescence slide and correcting for the fiber induced inhomogeneities in post processing.  

Tracking data processing 
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The tracking videos were first analyzed in DeepLabCut, which was trained to recognize the implant 

and the body center on the freely moving mice. The model was trained with between 15-20 labeled 

datasets from different mice videos, with different tracking camera-mice cage positions and 

illumination conditions. From DeepLabCut we extracted the implant and body center part positions 

in pixels for each frame and a likelihood estimation (value between 0 and 1). We only considered the 

positions for which the likelihood was at least >0.9 (good confidence estimation). We considered the 

implant position as the head position of the mouse and the camera frame rate is 50Hz. To calculate 

the velocity on the mice we divided the distance of the implant between two adjacent frames by the 

time interval between these two frames (1/50Hz). The same calculation was done for the acceleration 

but in this case, we divided the velocity in two adjacent frames by the time interval. 
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Supplementary Figure 1| Characterization of inter core delay dispersion for different Fujikura fibers. 

System and detailed measurements related to Fig. 1. 

A. Interferometric setup used for measuring the inter core delay dispersion. A Ti:sapph laser was split into 

two arms. One arm was sent through the fiber bundle, and the reference arm was delayed using an 

adjustable delay line. B. Distribution of the pulse arrival time in the first mode through the different cores 

measured for three different Fujikura fiber bundles models: green FIGH-10-500N; red: FIGH-06-300S; blue: 

FIGH-03-215S). C. Average pulse delay for each fiber bundle, defined as the standard deviation of the 

distribution in (B). The average pulse delay is given in picosecond per meter of fiber and plotted against 

the core diameter, which is specific of different fiber bundle models. Triangles, squares and circles mark 

fiber lengths of 0.3, 0.6, 1.82 m respectively. The symbols corresponding to fibers from figure (B) are 

surrounded by a black contour line. For all the measured bundles, the average pulse delay per meter of 

fiber is > 1 ps, from which it is apparent that a 2 m long fiber bundle should decouple the cores in time of 

a sufficient amount to maintain good axial resolution for spatially extended 2P excitations, especially when 

using ~ 150 fs laser pulses. D. Sketch of different fiber bundle cores, illuminated at the same time and re-

imaged at the sample plane by using the GRIN lens in the 2P-FENDO configuration. The pulse from each 

core is coupled out at a slightly different time. The GRIN lens effectively acts as a doublet, making an image 

of the output facet of the fiber bundle onto the sample plane, with a certain demagnification factor (2.2 

or 4.5 depending on the GRIN lens used). Because the beamlet from each core travels with a certain 

temporal delay, they do not interfere with each other on the way to the sample plane, thus avoiding out 

of focus excitation. Related to Fig. 1. 
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Supplementary Figure 2| Characterization of 2P imaging for different spot sizes. Characteristics and 

features of different scanning spot imaging sizes related to Fig. 2. 

A. Power measurements for the imaging laser for different spot sizes at the sample plane and at different 

points in the setup when using GRIN lens 2. The coupling objective, fiber bundle, and GRIN lens system 

transmit ~ 35% of the light, and an additional factor of 2 is lost when scanning the imaging beam on a 

larger area than the fiber bundle (see STAR Methods). B. Three images of a z-stack of a GFP slice at 

different depths for a small and a large imaging spot. The same features are visible in the two conditions 
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for the same plane, confirming that the axial confinement is comparable. On the right we plot the axial 

profiles for the cells circled in the images. For a small and a large imaging spots, the axial profiles largely 

overlap, excluding additional background when using larger imaging spots. Related to Fig. 2. 

 

Supplementary Figure 3| Fiber bundle and GRIN lens configurations. Effect of optical properties of these 

configurations related to Fig. 3 and 4. 

A. Scheme of the different configurations used in the experiments. The ‘designed configuration’ refers to 

the designed parameters according to the manufacturer: the fiber bundle is at the distance of 200 µm 

from the GRIN lens and the tip of the GRIN lens is immersed in water. It is the configuration leading to the 

shallower working distance below the cover glass. In the ‘water immersion’ configuration the fiber is in 

contact with the GRIN lens and the tip of the GRIN lens is immersed in water. It is the configuration that 

results in the largest working distance below the cover glass. In the ‘oil immersion’ configuration, the fiber 

is in contact with the GRIN lens and the tip of the GRIN lens is immersed in oil. This is the configuration 

used for freely moving experiments to avoid water evaporation (see also STAR Methods). B. Axial 

resolution for imaging (left) and photostimulation laser (right) through GRIN lens 2 in either the oil (green) 

or the water (blue) immersion configuration, measured on a thin rhodamine layer, showing no difference 

in axial resolutions. C. Characterization of the effective working distance for the 3 different configurations 

illustrated in A, measured from z-stacks on ~ 150 µm thick GCaMP6 brain slices. The axial profiles in the 

left-hand plot show 3 different peaks corresponding to cells on different planes that are at the same xy 

locations. Three effects are apparent: 1) the designed configuration (red curve) has the shortest working 

distance, allowing to resolve only one peak until the depth of 80 µm below the cover glass; 2) the water 

immersion configuration (blue curve) is the one producing the largest working distance, allowing to 
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measure three different peaks and to resolve at least 20 µm below the last peak (located at z = 130 µm); 

3) the oil immersion configuration (green curve) is able to resolve three peaks, but it can only measure few 

µm below the last peak, moreover the z axis in the oil immersion configuration is distorted with respect to 

the water immersion case. As explained in STAR Methods, due to the index mismatch between oil and 

brain tissue on the two sides of the cover glass, a vertical displacement of the endoscope (fiber bundle + 

GRIN lens) of a quantity ∆𝑧 with respect to the sample produces a focal shift of 𝛼 ∗ ∆𝑧 with 𝛼 < 1. In the 

right-hand plot, we multiplied the z axis for the oil immersion configuration by the factor 𝛼 = 0.83, to 

match the positions of the peaks measured with the water immersion configuration. The found value is 

consistent with the theory of that predicts 𝛼 =
√𝑛𝑏

2− 𝑁𝐴2

√𝑛𝑜
2− 𝑁𝐴2

 =  0.87, considering the refractive index of the 

brain 𝑛𝑏 = 1.35, the refractive index of the oil 𝑛𝑜 = 1.5 and the numerical aperture of the GRIN lens 𝑁𝐴 =

0.7. The insets in the right-hand plots show two different planes in the z-stack, with the circled cells 

corresponding to the axial peaks indicated by the arrows. Related to Fig. 3 and 4.  
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Supplementary Figure 4| Spatial resolution and temporal presentation of the holographic 

photostimulation. Optical Characteristics of the spatial distributed holographic spots and the 

photostimulation protocol related to Figure 4. Sagittal brain section jGCamP7s and ChRmine injected 

mouse in the barrel cortex after viral injections with representative example of 2P-FENDO field of view. 

Related to Fig. 6. 

A. 2P excited fluorescence generated on a uniform thick fluorescent slide from a distribution of 15 µm 

holographic spots without (left) and with (middle) intensity correction applied on the SLM. The SLM 

corrects both for the diffraction efficiency and the lower signal at the edges of the FOV (consequence of 

the larger aberration of the GRIN lens as one moves away from the center). Right: Effective power 

distribution used to photostimulate neurons, measured at the GRIN lens output. In the center of the FOV 

we used 30 or 40 mW (in the figure we give the case for 30 mW), which were increased smoothly away 

from the center to generate the same amount of 2P signal. B. Distribution of the 2P excited fluorescence 

from different holographic spots generated with the SLM after the application of the intensity correction. 

C. Axial resolution of holographic spots as a function of the distance from the center. The red dots 

correspond to individual measurements taken in different days. The dashed line is the average over all the 

different measurements. D. Distribution of transduced cells in the wS1 cortex of mice injected with AAV9-

syn-jGCaMP7s-WPRE and AAV1-hSyn-ChRmine-mscarlet-Kv2.1-WPRE. The diameter of 2P-FENDO field of 

view is delineated by the white dotted line. Depth from the brain surface below the pia is indicated to 

represent the cell distribution in the depth range of 2P-FENDO. Example cells illustrating jGCamP7s 

expression only (1.), ChRmine expression only (2.) or jGCamP7s + ChRmine (3.). Scale bar= 10 µm. E. 

Photostimulation protocol and camera acquisition timing. During photostimulation experiments, the EM-
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CCD camera was driven in external exposure mode, in which a TTL signal, similar to the black curve in 

figure, was supplied to the camera trigger input. The camera was forced to expose for 200 ms and to 

remain off for 35 ms. A second signal, synchronized with the camera was then sent to a fast shutter that 

controlled the photostimulation laser transmission. The shutter was open for 10 times for 20 ms, in 

correspondence with camera off times, as shown by the red lines in figures. Related to Fig. 6 

Mouse 
N 

Measurement 
days 

Type of experiment Imaging 
depth 
(µm) 

Imaging 
power at 
fiber exit 

(mW) 

Data in 
figures 

1 2 Imaging only 80±10 100-140 Fig. 4C, Video 
S2 

2 5 Imaging/Photostim 70±10 85-120 Fig. 4A, 
Fig.6A-E, 

VideoS2-S3 

3 2 Imaging/Photostim 125±10 110-155 Fig. 6C-E 

4 2 Imaging/Photostim 70±10 85-100 Fig. 6C-E 

 

Supplementary Table 1. Data used. Summary of the parameters used in all the measurements shown in 

the main manuscript. Related to Fig. 4, 5 and 6. 

 

Supplementary Video 1. In vivo stack acquisition with 2P-FENDO. In vivo stack acquisition of TdTomato 

expressing neurons in V1 taken with GRIN1 lens, or GFP expressing neurons with either GRIN 1 or GIRN 2 

lenses. Depth of imaging is indicated in the upper left corner. The images were filtered with a Gaussian 

blur function to get rid of the core structure of the fiber bundle and normalized for each plane. Related to 

Fig. 3. 

 

Supplementary Video 2. Spontaneous activity recording at 2 Hz, 5 Hz, and 20 Hz with 2P-FENDO in a freely 

moving mouse. The calcium data were motion corrected with CaImAn. We applied a 3-frame running 

average using the Image J plugin. Both the calcium imaging video and the video of the mouse moving in 

the cage were sped up ~ 8 times. Related to Fig. 4. 

 

Supplementary Video 3. High-resolution, multi-cell holographic photostimulation with 2P-FENDO, in a 

freely moving mouse. The calcium data were motion corrected with CaImAn. We applied a 3-frame running 

average using the Image J plugin. Both the calcium imaging video and the video of the mouse moving in 

the cage were sped up ~ 7 times. The video corresponds to the calcium traces reported in Fig. 4 a of the 

main manuscript. In the calcium images, arrows appear few seconds before the photostimulation laser is 

switched on and point at the photostimulated cells. The traces in the lower panel correspond to the dF/F 

signal of the targeted (red traces) and untargeted (white traces) neurons. Related to Fig. 6. 
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B.2.2 Elaboration on 2P-FENDO details 

This section aims to provide a more developed explanation of certain aspects that were not 

extensively covered in the publication (Accanto*, Blot*, Lorca-Cámara* et al., 2023). Specifically, 

we will delve into the optical methods used to integrate ultrashort 2P excitation pulses with fiber 

bundles as well as the main optical novelties developed into the system, i.e. GVD compensation 

and SPM, the ICDD, and the use of GRIN lenses. 

GVD and SPM. In the 2P-FENDO system, ultrashort light pulses are employed along a 

fiber bundle, which as detailed in the introduction, can introduce the effects of GVD and SPM. As 

for the GVD, the fiber bundle introduces a positive dispersion (figure 22A). To compensate for this 

effect, a pair of gratings placed inside the lasers are used to impart negative chirp to the laser pulse 

before its interaction with the fiber bundle (figure 22B). This strategy ensures that after traversing 

the fiber bundle, the pulse regains its initial pulse duration. 

 

Figure 22. Group velocity dispersion compensation. A. GVD of an ultrashort laser pulse 

propagating in a fiber bundle, where the spectral components of the laser pulse (blue, green and 

red colors) propagate at different speeds in the fiber. This introduces a positive dispersion to the 

initial pulse, resulting in pulse broadening after propagating through the fiber bundle. B. Grating 

compensation of the GVD introduced by the fiber bundle with negative dispersion so that after 

passing through the fiber bundle, the pulse duration is equal to the initial one at the laser output. 

The second challenge to overcome when employing fiber bundles with ultrashort light 

pulses is addressing the effect of SPM. This nonlinear effect becomes apparent when using high 

laser peak powers. As described in (Ozbay et al., 2018), SPM leads to spectral narrowing when 

using high powers (1 - 40 mW per core), consequently causing temporal pulse broadening out of 
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the fiber bundle (increase of pulse duration from 80 fs to 640 fs). One approach to overcome this 

issue is by initially inducing spectral broadening through the propagation of the pulse in a 

polarized-maintained fiber (PMF) (Ozbay et al., 2018). With this method, the spectral narrowing 

effect produced inside the fiber bundle is balanced by the spectral broadening of an unchirped 

ultrashort pulse in the PMF, to achieve the initial spectral width of the laser. In our approach, we 

circumvent the issue of SPM by distributing the illumination across a large number of cores in the 

fiber bundle, effectively lowering the average power per core. To achieve this, our system 

incorporates an iris to modulate the spot size and therefore the illumination to maintain constant 

the power per core (power density). This strategy enables to keep a power per core (< 10 mW per 

core for an 80 MHz repetition rate, 150 fs pulse duration laser) always below the threshold that 

induces SPM. 

ICDD. To perform both 2P imaging and 2P photostimulation of the neuronal activity, we 

used large spot sizes of 10-20 µm diameter that are created with the illumination of several cores 

of the fiber bundle (Supp. Fig. 2 Publication). In conventional 2P microscopy, using a large 

diameter excitation spot size results in an enlargement of the axial extend of the spot, impeding 

single-cell resolution. In our case instead, the fiber bundle introduces temporal delays among the 

pulses traversing its various illuminated cores (figure 23). This inter-core delay dispersion (ICDD) 

reduces the out-of-focus excitation, resulting in the axial resolution of a single core illumination. 

Consequently, we achieved single-cell resolution even when employing large diameter excitation 

spot size. 

 

Figure 23. Inter-core delays in the fiber bundle. The fiber bundle temporally decomposes the 2P 

excitation as it travels through the different cores of the fiber bundle. Although the 2P excitation 

simultaneously enters the various cores, slight differences between them result in distinct delays 
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for each part of the excitation, leading to the generation of random delays and the temporal 

demultiplexing of the excitation. Then, a GRIN lens placed after the fiber recombines the 

excitation, effectively reducing the probability of out-of-focus excitation due to this temporal 

effect. 

In the 2P-FENDO setup, the large excitation spot generated for two-photon imaging is then 

scanned across the sample plane using a galvo-resonant scanning device (figure 1 Publication). 

This choice helps us not only to avoid the negative effects of SPM but to concurrently enhance the 

acquisition speed in comparison to a scanning diffraction-limited spot strategy. To detect the 

recorded neuronal activity, a highly-sensitive EM-CCD (Electron Multiplying-Charge Coupled 

Device) camera is utilized instead of a PMT, which is a direct result of the scanning strategy 

employed. Consequently, the lateral resolution is not determined by the spot size, but rather by the 

pixel size of the camera, the inter-core distance in the fiber bundle and the scattering of detected 

photons at high depths. 

GRIN lens. In addition to the fiber bundle, a GRIN lens is used to direct and image the 

light from the fiber bundle to the mouse brain. GRIN lenses are commonly used in micro-

endoscopy as they facilitate the delivery of light into deep brain regions with minimal invasiveness 

(Jung et al., 2004; Moretti et al., 2016; Jennings et al., 2019; Meng et al., 2019). This is due to the 

compact dimensions of the devices, typically ranging from 0.7 mm to 1.4 mm in diameter, so that 

they can be implanted within the brain. However, GRIN lenses often exhibit notable aberrations 

and field curvature, which generally need to be corrected (Wang and Ji, 2013; Bocarsly et al., 2015; 

Accanto et al., 2019; Antonini et al., 2020). In our setup, we employed a commercial chromatically 

and field-corrected GRIN lens with a diameter of 1.3 mm and a length of 5 mm (figure 24). This 

lens operates as a doublet, re-imaging the output facet of the fiber bundle at the sample plane. 

However, aberrations occurring at the periphery of the GRIN lens still lead to axial resolution 

worsening and losses of light efficiency into the sample. When coupled with the two-photon 

photostimulation system, the efficiency losses can be corrected by using the SLM (Supp. Fig. 3 

Publication). This allows us to compensate the light efficiency losses by directing more light 

towards the periphery of the FOV compared to the central region. 
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Figure 24. Example of a GRIN lens used in this work. GRIN lens of 1.3 mm diameter and 5 mm 

length composed by a doublet (two GRIN lenses coupled) that re-image the focal plane from the 

image side to the object side. The total magnification of the GRIN lens is determined by the ratio 

between the object and image plane NAs. 

B.3 Recent advances enlarging the FOV of 2P-FENDO. 

A major advantage of this fiber bundle-based microscope its simplicity, where minor 

modifications of a standard 2P imaging systems are required. Thanks to this, new optical features 

can be added to improve the capabilities of the current system. In this section I will present the 

recent advances and the results we have obtained to improve the performances of 2P-FENDO by 

enlarging the maximal FOV and enhancing the image quality. 

The maximal FOV of 2P-FENDO depends on the fiber bundle diameter (𝛷fiber) and on the 

lens magnification (M) used: FOVmax = 𝛷fiber/M, where the magnification M is given by the 

object/image lens NA ratio: M = NAobject/NAimage. The lateral resolution obtained at the sample 

plane (dxy) is given by the core-to-core distance of the fiber bundle (dcore-core) and the magnification 

of the lens: dxy = dcore-core/M. Based on that, several strategies can be developed to extend the 

maximal FOV, such as larger fiber bundles or different GRIN lenses or mini-objectives, while 

maintaining single-cell resolution. 

In general, to increase the FOV, larger fiber bundles can be used, requiring to increase the 

number of cores within the bundle with a similar core density, to maintain a good lateral resolution. 

In the case of the Fujikura fiber bundle tested in (Accanto*, Blot*, Lorca-Cámara* et al., 2023), 

larger fiber bundles lead to an increase on the fiber bundle rigidity. For example, two Fujikura fiber 

bundles (FIGH-15-600N and FIGH-100-1500N) have a fiber bundle diameter of 0.55 and 1.5 mm, 
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which provide a minimum bending radius of 30 and 120 cm, respectively. Thereby, in this case, 

increasing the FOV with a larger fiber bundle would affect the natural movements of the animal. 

On the other side, Schott fiber bundles are fabricated with an etching process, where the multiple 

fibers are separated from each other, leading to the so-called leached fiber bundles, which results 

in more flexible fibers than the Fujikura fiber bundles, where the material between the cores is 

glass, leading to bending radius of < 1cm (Table 1). The downside of large Schott fiber bundles is 

that they are fabricated with a larger inter-core distance (dcore-core = 8-12 µm) than Fujikura fiber 

bundles (dcore-core = 4.5 µm), which can lead to the reduction of the lateral resolution (dxy). 

 Fujikura fiber bundle Schott fiber bundle (1) Schott fiber bundle (2) 

Bundle diameter 0.55 mm 1.1 mm 1.65 mm 

Inter-core distance 4.5 µm 8 µm 11.6 µm 

Core diameter 4 µm 6 µm 6 µm 

Length 2 m 0.85 m 1.35 m 

Bending radius 30 cm < 1 cm < 1 cm 

Table 1: Fiber bundles parameters. Fiber bundles diameters which refer to the nominal 

diameter without considering the protective gain surrounding the fiber bundle. Inter-core distance 

from center of one core to the center of its neighboring cores. Estimated core diameter excluding 

the material filling the space between cores. Length of the fiber bundle and bending radius indicated 

by the manufacturer. 

However, when using fiber bundles, the image quality is not only based on the resolution 

given by the inter-core distance but also on two other factors. Firstly, the 2P excitation 

heterogeneity between the different cores of the bundle, which depends on the differences in 

propagation of the ultrashort laser pulse through the different cores, induces different power 

transmission and different GVDs. In a recent work it was shown that, different cores do not only 

introduce ICDD in the 2P excitation, but they also generate different GVDs. Specifically, in 

(Garofalakis et al., 2019; Wood et al., 2019), they showed that, for a specific types of fiber bundles 

(similar to the Fujikura fiber bundle previously used, but with a higher core density), only 50% of 

the cores can be correctly compensated with a general GVD compressor that compress, with the 

same factor, each core of the bundle. For the Fujikura fiber bundle, we did not specifically 
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characterize the GVD for different cores. However, a certain degree of non-homogeneity, that 

might come from the same effect, was noticed (figure 25A, left). Secondly, the image quality is 

also based on the aberration introduced by the lens (a GRIN lens or a mini-objective) placed 

between the fiber bundle and the sample. Notably, aberrations can reduce 2P efficiency and can 

introduce field curvature when moving from the center to the borders of the FOV. 

Considering these factors and parameters, we characterized different fiber bundles (Table 

1) and two different lenses (Table 2). A Fujikura fiber bundle and two types of Schott fiber bundles 

were characterized using the same GRIN lens at the distal end. First of all, we characterized the 

homogeneity of the 2P excitation through the fiber bundles. As shown in figure 25A, the 2P 

fluorescence homogeneity between the different cores is higher in the Schott fiber bundles 

compared to Fujikura fiber bundles (Garofalakis et al., 2019; Wood et al., 2019) in the entire FOV. 

This means that, in practice, even if the Fujikura fiber presents a smaller inter-core distance (dcore-

core = 4.5 µm) compared to the inter-core distance of the Schott fiber bundle (dcore-core = 8 µm), the 

imaging quality could be lower with Fujikura fibers than with the Schott fiber bundle due to the 

higher homogeneity. 

Finally, we tested if the higher homogeneity of the Schott fiber bundle affected the ICDD 

and therefore the axial resolution. We measured that the ICDD is smaller, Δ𝜏 ~ 0.5 ps/m, than with 

the Fujikura fiber bundle (Δ𝜏 ~ 2 ps/m) (figure 25B). Fortunately, the Schott fiber bundle also 

provides a good axial resolution (as later shown in figure 27), which results from the effective 

temporal decoupling of the different pulses propagating through the cores. The decoupling comes 

not only from the ICDD but also the higher inter-core distance in the Schott fiber bundle compared 

to the Fujikura fiber. 

 GRIN lens Mini-objective 

Lens diameter 1.3 mm 3 mm 

Input NA 0.32 0.17 

Output NA 0.7 0.5 

Magnification 2.2 3 

Nominal output WD 200 µm 1 mm 
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Table 2: Lenses parameters. Input/output NAs refer to the numerical aperture on the fiber bundle 

side and on the sample side, respectively. M is the calculated magnification from the ration between 

the output/input lens NAs. Output working distance (WD) refers to the configuration working 

distance in water immersion and with a cover glass on the sample side. 

Then, we characterized the dependence of the FOV and the lateral resolution with two 

different types of lenses, a GRIN lens (Accanto*, Blot*, Lorca-Cámara* et al., 2023) and a mini-

objective, which is the same model as developed in (Zong et al., 2022). For both lenses, we 

characterized the aberrations introduced by these lenses by measuring the axial resolution and the 

field curvature when using the same Schott fiber bundle (1) (figure 25C). Optical aberrations lead 

to a worsening in the axial resolution, notably in the borders of the FOV, and are more evident for 

the GRIN lens (FWHM = 40-50 µm). Moreover, field curvature is also more significant in the 

GRIN lens, leading to a curved focal plane as we moved from the center to the periphery of the 

FOV with an axial shift of 30-35 µm between the center and the border. When using the mini-

objective, the aberrations and the field curvature are almost inexistent, with only an axial shift of 2 

µm between the center and the border of the FOV. 
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Figure 25. Fiber bundles comparison and GRIN lens and mini-objective aberrations comparison. 

A. Measured two-photon fluorescence when using the fiber bundles to illuminate a uniform 

rhodamine sample. Image and zoomed views of a 1.1 mm diameter Schott fiber bundle (left) and 

0.55 mm diameter Fujikura fiber bundle (right) with 8 µm diameter fiber cores (left) and 4 µm 

diameter fiber cores (right) with hexagonal configurations. B. Distribution of the pulse delay time 

per meter of fiber through the different cores (N) measured for three different fiber bundle models, 

including the Fujikura fiber bundle used in the publication (F-A, red) and the Schott fiber bundle 

(S-A, blue). C. Optical measurements of axial resolution (left) and field curvature (right) in the 

FOV when using a Schott fiber bundle attached to a GRIN lens or a mini-objective. 

Considering these characterized parameters, we have tested 4 different optical 

configurations that lead us to different capabilities as presented below, combination of the 

previously characterized fiber bundles and lenses. To compare the different achievable FOVs and 

the lateral resolutions of the different configurations, we imaged with all of them the same fixed 

brain slice (figure 26). 
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Configuration 1: This is the original system (Accanto*, Blot*, Lorca-Cámara* et al., 2023) 

where a Fujikura fiber bundle of 𝛷fiber = 0.55 mm in diameter and a GRIN lens of magnification M 

= x2.2 is used to achieve a FOVmax = 𝛷fiber/M = 250 µm in diameter (figure 26A). The simple 

replacement of the fiber bundle used by a larger diameter Schott fiber bundle could increase the 

FOV of 2P-FENDO. 

Configuration 2: A Schott fiber bundle (1) (Table 2) of 1.1 mm in diameter (𝛷fiber) and 0.9 

mm length could enlarge the achievable FOV in a factor of ~2 (from 250 µm 450 µm in diameter), 

by using the same GRIN lens as before (M = 2.2) (figure 26B). The Schott fiber bundle is composed 

by 18k cores in a 1.1 mm diameter fiber bundle with an inter-core distance of 8 µm (Table 1). 

Together with the GRIN lens, a lateral resolution of 4 µm is achieved, which, together with the 

higher core homogeneity of Schott fiber bundles, is sufficient to image neuronal somas and the 

principal dendrites and neuronal structures (comparison between the zoom of the FOV in figure 

26A and 26B). The main disadvantage of this configuration comes from the use of the GRIN lens, 

which introduces aberrations (Wang and Ji, 2013; Bocarsly et al., 2015; Accanto et al., 2019; 

Antonini et al., 2020) with a worsening in the axial resolution and field curvature (figure 25C), 

which are more prominent than in configuration 1 due to the larger FOV obtained in this 

configuration 2. 

Configuration 3: We replaced the GRIN lens by the mini-objective of x3 magnification 

(M = 3) (Zong et al., 2022) that, with the 1.1 mm Schott fiber bundle (𝛷fiber = 1.1 mm), give us a 

FOVmax = 𝛷fiber/M = 330 µm in diameter (figure 26C). Even though the FOV is reduced compared 

to what showed with configuration 2, the field curvature and axial resolution worsening in the 

entire FOV are less evident or inexistent. Moreover, due the higher magnification, the lateral 

resolution increased as the cores are now smaller in the sample plane compared to the previous 

system (lateral resolution dxy = dcore-core/M = 2.6 µm). 

Configuration 4: To further increase the FOV obtained in configuration 3, we replaced the 

1.1 mm diameter fiber bundle by a 1.65 mm diameter (𝛷fiber) Schott fiber bundle (2) (Table 2) (1.35 

m length) (figure 26D). This fiber bundle is composed by 18k cores with an inter-core distance of 

11.6 µm (dcore-core), maintaining the good flexibility of the previous Schott fiber bundle (< 1 cm 

bending radius). Together with the mini-objective, we obtained a large FOV: FOVmax = 𝛷fiber/M = 



133 
 

550 µm in diameter. Due to the larger core diameter of this fiber bundle, the lateral resolution of 

the system is reduced (lateral resolution dxy = dcore-core/M = 4 µm). 

All these easily interchangeable configurations give us the opportunity to decide between a 

large FOV or a higher lateral resolution, or to interchange the use of a large mini-objective or a 

minimally invasive GRIN lens. Indeed, a large mini-objective (3 mm diameter) cannot be 

implanted deep in the brain as it was possible with the GRIN lens (1.3 mm diameter) used 

previously. A solution to use mini-objectives to study deep brain regions is to implant glass rods 

in the brain as relay (Zong et al., 2022). However, they remain more invasive than the current 

GRIN lenses. 
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Figure 26. Configurations of 2P-FENDO to achieve a larger FOV and higher lateral resolution. A. 

The original configuration 1 presents a Fujikura fiber bundle coupled to a GRIN lens, providing a 

FOV of 250 µm wide. B. The second configuration replaces the fiber bundle with a Schott fiber 

bundle, resulting in a FOV of 450 µm wide with higher core homogeneity. C. Configuration 3 

replaces the GRIN lens with a mini-objective to eliminate aberrations and enhance the lateral 

resolution in a 330 µm wide FOV. D. Configuration 4 improves the third configuration by 

substituting the fiber bundle with a larger one, to achieve a FOV of 550 µm wide. 

B.3.1 Optical characterization of an enlarged FOV 2P-FENDO. 

The two most performant configurations previously presented where the 3 and 4, where a 

trade-off between FOV size and lateral resolution exists. While configuration 3 offers a smaller 

FOV, it allows to see cell bodies, proximal dendrites, and to discriminate secondary dendritic 

branches (zoom of the FOV figure 26C). Configuration 4 has a lateral resolution which allow use 

to see cell bodies and the primary dendrites and axons (> 4 µm size) in a large FOV of 550 µm. 

Considering this, the last configuration is optically characterized in figure 27 for both the scanning 

imaging and the holographic photostimulation spots. Figure 27A shows the field curvature between 

the focal plane in the center and the border of the FOV of 8 µm with axial resolutions ranging from 

9-12 µm. Additionally, the axial resolution of holographic spots distributed across the FOV is 

measured with values from 9-13 µm (figure 27B) obtained from the FWHM of the axial profiles 

(figure 27C). Once the optical characterization is done, configuration 4 is used to perform 2P 

calcium activity imaging and 2P optogenetics photostimulation on different brain regions in vivo 

head-fixed and freely moving mice. 
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Figure 27. Optical characterization of configuration 4. A. Fluorescence image obtained when the 

imaging spot is scanned through a homogeneous fluorescence slice. B. Axial profiles of the regions 

selected in A, with axial resolutions from 9-12 µm and a field curvature between the center and the 

border of the FOV of 8 µm (axial shift). C. Fluorescence image obtained when holographic spots 

are displayed within the FOV. FWHM values of the spots are obtained from D. Axial profiles of 

the holographic spots generated in C. 

B.3.2 Functional imaging with an enlarged FOV 2P-FENDO. 

For experiments in freely moving animals, a new custom-made, lightweight (1.3 g) implant 

(Figure 28D) was developed to attach the fiber bundle and the mini-objective to the head of the 

mice. This implant is then connected by screws to a baseplate (black piece) which is cemented into 

the mice head bar. The fully assembled implant with the baseplate were positioned over the cranial 
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window of the anesthetized/head-fixed animal. Once a region of interest (ROI) is identified, the 

implant is cemented over the window. The baseplate is the sole element to be permanently fixed 

onto the animal’s head, thus allowing to make the system fully detachable by unscrewing the 

implant from the baseplate. The relative position between the fiber bundle and the mini-objective 

allows to manually change the focal plane of imaging and photostimulation. 

Figure 28A shows an example of a large FOV recorded with the configuration 4 of 2P-

FENDO in a mouse injected with an AAV9 viral vector for the calcium indicator jGcaMP7s 

delivered as in Accanto*, Blot*, Lorca-Cámara* et al., 2023 in the barrel cortex. The cranial 

window surgery and the rest of the procedure were performed as previously. In this example, we 

characterized the imaging properties with the new fiber bundle and the mini-objective by 

measuring 5 minutes of spontaneous activity of 78 neurons in the head-fixed mouse (at 130 µm 

depth from the brain surface) at 10 Hz of imaging frame rate with an average power of 135 mW 

(power density = 0.6 mW/µm2) (figure 28B). By using the Caiman software, we semi-automatically 

detected the neurons with a mean SNR = 2 (figure 28C) and we extracted their calcium transient 

traces. This present an improvement in the number of detected cells with respect to the results 

obtained with configuration 1 in freely moving mice (Accanto et al., 2023), where 21 neurons 

where detected with the same average SNR and by using similar parameters (frame rate = 10 Hz 

and average power of 100-140 mW (0.6-0.7 mW/µm2)), which is the result of the expanded FOV 

in configuration 4. 
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Figure 28. Imaging of spontaneous Ca2+ activity in head-fixed mice. A. Representative FOV in a 

mouse from which 78 components are accepted by Caiman software. B. Corresponding calcium 

transients (ΔF/F) for 78 selected cells imaged at 10 Hz acquisition speed. Imaging power and spot 

size were 135 mW and 16 μm. C. SNR quantification for the accepted cells within the FOV. D. 

Image of the implant, composed of a lightweight (1.3 g) 3D printed piece that holds together the 

fiber bundle and the mini-objective. 

By implanting the system over the cerebellum, we recorded the neuronal activity of 

Purkinje cells dendrites (at 60 µm depth from the brain surface) in a freely moving mouse (figure 

29). In this example, 28 Purkinje cells were recorded during 3 minutes while the mouse was freely 

moving. The mouse was trained to climb a ladder to obtain a reward to prove the stability of our 

system and the low impact of the mouse natural movements on the FOV (figure 29C.). The 

recording of the calcium activity is synchronized with the recording of the mouse behavior in its 

cage. 
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Figure 29. Imaging of spontaneous Ca2+ activity in freely moving mice. A. Representative FOV 

in a mouse in which 28 Purkinje cells at the cerebellum were detected by Caiman software. B. 

Corresponding calcium transients (ΔF/F) for the 28 selected cells imaged at 2 Hz acquisition 

speeds. Imaging power and spot size were 100 mW and 16 μm. C. Captures of the video recorded 

during the experiment in which the mouse is trained to climb stairs to receive a reward. The 

neuronal activity recording is synchronized with the recording of the mouse’s behavior. 
 

B.3.3 In vivo all-optical experiment with an enlarged FOV 2P-FENDO. 

Finally, we tested the photostimulation capabilities with configuration 4. As in the previous 

publication, a 2P excitation together with a SLM are used to manipulate individual neurons with 
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single-neuron precision. In figure 30, preliminary results of neuronal manipulation in vivo in head-

fixed mouse are shown using the same preparation as in (Accanto*, Blot*, Lorca-Cámara* et al., 

2023). In figure 30A-B we show a representative FOV and the calcium activity traces of 5 neurons 

(yellow circles) recorded at 4 Hz that were photostimulated 4 times, in which we obtained for 4 of 

them (red circles) a response to all the stimulations (30 seconds between consecutives 

photostimulations). The traces in figure 30B correspond to the ΔF/F signal of the targeted cells. In 

the same FOV, we then targeted 25 neurons (yellow circles) for which 20 showed a clear 

photostimulation response (red circles) (figure 30C-E), being so far the maximal number of neurons 

that have been manipulated with our system, which is now limited by the maximal laser power. 

The higher number of photostimulation spots we were able to create simultaneously by using the 

same laser source is given by the lower optical aberrations that the mini-objective introduces with 

respect to the GRIN lens previously used in configuration 1. With this configuration, the power per 

spot used was 20 mW. With the configuration 1, the power per spot was 30-60 mW. Finally, 

considering the distance between the targeted neurons and the rest of the neurons we can obtain 

the cross-activation of non-targeted cells and extrapolate the lateral resolution of the system. Non-

targeted cells cross-activation is visible from neurons at distances < 30 µm from one of the targeted 

neurons, which was also obtained with configuration 1 (Accanto*, Blot*, Lorca-Cámara et al., 

2023). 
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Figure 30. High-resolution photostimulation in head-fixed mice. A. Photostimulation of 4 neurons. 

On the left, a frame of the recorded activity before the photostimulation, with targeted neurons 

indicated by red circles (5 neurons). On the right, a frame of recorded activity after the 

photostimulation, with targeted and photostimulated neurons indicated by red circles, and targeted 

but not photostimulated neurons indicated by blue circles. B. Recorded neuronal activity traces 

(100% ΔF/F) of the 5 targeted neurons. The photostimulation was repeated 4 times during 140 

seconds. C. High-resolution photostimulation of 20 neurons in head-fixed mice. On the left, a frame 

of recorded activity before the photostimulation, with targeted neurons indicated by red circles (25 

neurons). On the right, a frame of recorded activity after the photostimulation, with targeted and 

photostimulated neurons indicated by red circles and targeted but not photostimulated neurons 

indicated by blue circles. D. Recorded neuronal activity traces (100% ΔF/F) of the 20 

photostimulated neurons. The photostimulation was repeated 4 times during 140-second duration. 

E. <ΔF/F>Photostimulation for each neuron within the FOV as a function of the distance from the 

photostimulated cells. 

Overall, the new results demonstrate that, with the new configuration of the system, 2P-

FENDO can compete with the already existing 2P miniaturized microscopes, in terms of FOV and 

SNR, while it integrates a feature so far absent to any existing apparatus: 2P holographic 

photostimulation of multiple neurons with single-neuron resolution. The optimization of the 

implant, adapted for the new fiber bundle and mini-objective configuration, would allow to perform 

2P all-optical experiments in freely moving mice. 

  B.4 System perspectives 

The currently available 2P-FENDO system, developed for freely moving mice, present the 

advantage of performing all-optical investigation in a large FOV with a good spatial and axial 

resolution. However, further improvements in the capabilities of 2P-FENDO can be achieved by 

increasing the maximal imaging frame rate and the SNR, optimizing the motion artifacts correction 

and adding the capability to image and manipulate FOVs at different depths. 

Speed and SNR. Adapting the scanning strategy for 2P functional imaging can enhance 

the acquisition speeds and the SNR. The increased flexibility of using a tabletop galvo-galvo 

scanning system in the 2P-FENDO, as opposed to miniaturized MEMs mirrors in 2P miniaturized 

microscopes (Zong et al., 2022), allows for modifications in the scanning configuration. In 2P-

FENDO, a large spot of ~ 15 µm in diameter is used to scan the entire FOV and record the Ca2+ 

activity. This spot can be used to sequentially scan only the cells of interest, rather than the entire 

FOV, similar to the principles of random access microscopy (RAMP) strategies (Iyer, Hoogland 



141 
 

and Saggau, 2006). This configuration would lead to several benefits, including kHz imaging rates, 

reduced out-of-focus excitation resulting in improved SNR and less photobleaching during 

extended acquisitions times. 

For example, when using the large FOV configuration of 2P-FENDO (configuration 4, 

FOV diameter = 550 µm) and a scanning spot of 15 µm in diameter, the number of points that are 

scanned are (550 / 15)2 ≈ 1000 points. With this configuration, we have shown that it is possible to 

record neuronal activity at 10 Hz (0.1 ms per point) by using ~ 100 mW at the sample plane and 

an average SNR = 2. Using a strategy in which, for example, only 10 neurons (10 points) of interest 

are sequentially scanned, one could achieve a higher SNR or a higher imaging frame rate. First, by 

using the same power at the sample plane (100 mW) and the same imaging rate (10 Hz), the 10 

neurons can be imaged at a SNR that is 100 times higher than in the previous case (SNR = 2). 

Secondly, if the SNR (= 2) and the power (100 mW) are maintained, it is possible to increase the 

imaging rate of these 10 neurons up to 1 kHz, which could be used to perform voltage imaging, 

resolving single action potential and subthreshold activity at millisecond time scale. 

Another strategy could involve replacing the galvo-galvo device with a SLM, which would 

generate holographic scanless spots to image the desired neurons at the same time (Sims et al., 

2023). In this case, the generation of 10 holographic spots to image the hypothetic 10 neurons 

would occur in parallel rather than sequentially, as in the galvo-galvo scanning configuration. The 

simultaneous illumination of the 10 neurons would allow for an increase by a factor N (in this case 

N = 10 neurons) in the imaging rate or the SNR. For example, it could allow to perform voltage 

imaging at 1 kHz of 10 neurons with a SNR 10 times bigger than in the previous case (SNR = 2). 

However, the parallel illumination of multiple neurons also demands a higher laser power. In this 

case, the power required to image 10 neurons simultaneously is 10 times higher (1 W) than the 

power used when scanning the neurons sequentially (100 mW), which could result in heating 

effects. 

Motion correction. Although 2P-FENDO presents a high stability when imaging and 

manipulating the neuronal activity in freely moving mice, we have measured average 

displacements of the FOV of 2 µm during acquisitions of 300 s (Accanto*, Bot*, Lorca-Cámara* 

et al., 2023). Larger movements of 5 µm have also been observed during short periods of time. By 
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using the post-processing analysis software Caiman, motion artifacts can be corrected and therefore 

these movements can have only minimal impact on the imaging. However, for photostimulations, 

FOV motion artifacts can be a limitation as the targeted cells might move away from the 

illumination spot at the photostimulation onset, as they have moved from their reference position. 

To overcome this limitation, the implementation of an active feedback loop into the SLM software 

can be used to register the movements during the acquisition and correct the phase on the SLM to 

retarget the neurons. These active corrections during the recording experiment requires a fast 

refreshing rate into the SLM to quickly adapt the patterns to the motion to maintain single-neuron 

resolution (Eybposh et al., 2020). With such device, lateral displacements of the FOV can be 

corrected, however, axial motion displacements can be only corrected with a miniaturized axial 

shift device placed after the fiber bundle, such as tunable lenses (Ozbay et al., 2018). 

3D FOV. Working with a fiber bundle prevents the SLM to easily axially shift the 

holographic patterns, to manipulate a neuronal population in 3D. As a result, only the neurons 

located in a single 2D focal plane can be targeted with 2P-FENDO. Adding a device to axially shift 

the focal plane, such as a tunable lens (Ozbay et al., 2018; Zong et al., 2022) or a step motor 

(Flusberg et al., 2008), will displace the focal plane of both the imaging and photostimulation 

excitations. Thus, if now it is possible to perform 20 Hz in a single plane, with one of these devices, 

one could perform subsequent acquisition of for example 5 planes at 4Hz of total speed (20Hz per 

plane), maintaining the same SNR. Another solution is to employ multi-core fibers (MCF) or multi-

mode fibers (MMF) ) (Čižmár and Dholakia, 2012; Turtaev et al., 2018; Tsvirkun et al., 2019; lyu 

et al., 2023; Stibůrek et al., 2023), to control the phase propagated through the cores or single-core 

of the fiber to shift the focal beam at any direction at the sample plane. These techniques use a 

SLM or a DMD, respectively, to modify the wavefront at the fiber entrance. However, they present 

limitations due to the slow SLM refresh time to scan the beam at different positions or due to the 

DMD which is only used for single-photon excitation. 

These parameters are considered in the next publication (under review) in which three 

theoretical systems are proposed based on possible advances in miniaturized optics, miniaturized 

wavefront shaping devices and customized fibers. 

B.4.1 Review publication 
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Abstract 

Optogenetics opened the door to a new era of neuroscience. New optical developments are under 

way to enable high resolution neuronal activity imaging and selective photostimulation of neuronal 

ensembles in freely moving animals. These advancements could allow researchers to interrogate, 

with cellular precision, functionally relevant neuronal circuits in the framework of naturalistic brain 

activity. In this manuscript, we provide an overview of the current state-of-the-art of imaging and 

photostimulation in freely moving rodents, and present a road-map for future optical and 

engineering developments towards miniaturized microscopes that could reach beyond the currently 

existing systems. 

Keywords: fiber optic applications, optogenetics, multiphoton microscopy, holography 

applications, functional imaging, neurophotonics. 

 

1. Introduction 

Understanding the connections between neuronal activity and behavior stands as a fundamental 

goal in neuroscience that requires the precise mapping and/or manipulation of neuronal activity. 

Genetically encoded calcium indicators (GECIs)1,2 and voltage indicators (GEVIs)3,4 have made it 

possible to image neuronal activity. Concurrently, the emergence of optogenetics5–7, based on light-

gated ion channels (opsins), has provided the means to optically manipulate neurons. On the optical 

side, advances in multiphoton microscopy8,9 have provided tools to image neuronal activity with 

cellular resolution, deeper into the tissue (> 1 mm10,11), with fast acquisition rates12,13, and on ultra-

large fields of views (FOVs) (up to 5 mm14,15). Simultaneously, progress in wavefront shaping 

techniques, such as computer-generated holography (CGH)16 using liquid crystal spatial light 

modulators (SLMs), coupled with high-energy ultrafast lasers, have unlocked the precise 
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manipulation of groups of neurons, down to the single-cell level17–20. The combination of these 

approaches has enabled cellular resolution in vivo imaging and manipulation studies, often referred 

to as all-optical studies21–26, which enabled to identify functionally relevant neuronal ensembles, to 

replay and/or alter their spatio-temporal activity profile, and to decipher their behavioral 

implications. Importantly, the selective control of even a reduced number (< 20) of functionally 

defined neurons showed significant impact on the behavioral output22,26.  

Nevertheless, these advanced optical methods were primarily designed for benchtop microscopes 

and typically necessitate to head-restrain animals under an objective. Head-fixation can alter 

perception and interaction with the environment, interfering with sensory integration, motor output, 

and induces stress to the animal, leading to biased neuronal integration27. Head restriction has been 

showed to affect not only motor related neuronal circuits but also a number of networks related to 

cognitive functions, such as the recruitment and coding of hippocampal place cells during 

navigation28, or the multisensory encoding of V1 neurons for visual flow integration29. All together 

these studies question our ability to reproduce neuronal coding resulting from voluntary real-world 

exploration, in artificial/virtual settings30,31. While the lack of vestibular and head/neck 

proprioception inputs have been emphasized to explain the differences in neuronal activity between 

virtual reality systems and real-world exploration, a larger range of senses could be involved (smell, 

audition) raising the idea that active free motion is a behavioral state in essence32, comparable to 

sleep or other known awake states (drowsy, alert, resting). There is thus a need for tools to observe 

and manipulate neuronal circuits with high resolution in freely moving animals to investigate how 

natural behaviors shape neuronal processing in the brain.  

To this end, miniaturized optical systems have been developed to image neuronal activity during 

natural behaviors. Three main families of systems are widely used today: 
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• 1P Miniscopes33,34. One photon (1P) head-mounted wide-field miniscopes use a LED 

source, micro-lenses, and a miniature CMOS camera to image neuronal activity (Fig. 1a). 

While these devices enable functional imaging of large FOVs35–37 at high acquisition rates38 

within a cost-effective system, they suffer from poor optical sectioning, and suboptimal 

signal to noise ratio (SNR) due to the out-of-focus fluorescence background.  

• Miniaturized multiphoton microscopes39–43. They are based on single-core optical fibers 

that propagate infrared light from a pulsed laser to the animal head to generate two-photon 

(2P)44–46 or three-photon (3P)47,48 excitation. A light and miniaturized scanner, based either 

on microelectromechanical system (MEMS49) scanning mirrors that deflect the laser beam 

or on a fiber scanning unit that moves the fiber tip in a spiral trajectory45 (Fig. 1b), quickly 

scans the diffraction limited laser beam on the sample to generate an image. If these systems 

offer the highest optical resolution and penetration depth compared to other miniaturized 

optical systems, the single core fiber delivery has so far remained incompatible with 

different imaging techniques, such as random access microscopy12,50 or multipoint scanless 

excitation51. 

• Fiber bundle-based microscopes. In this case, a multicore fiber, also called fiber bundle, 

composed of many thousands of individual cores, is used to relay a standard optical system 

to the animal’s head (Fig. 1c). Fiber bundle microscopes have been demonstrated in freely 

moving animals both in the 1P52–54 and 2P55–57 regime. Thanks to the multicore delivery, 

the use of fiber bundles is in general compatible with other imaging techniques, such as 

multipoint excitation52, structured illumination52,54 or multipoint confocal imaging53. At the 

same time, the inter-core space limits the optical resolution and lowers the light 

transmission, especially for the excitation laser. 
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Fig. 1 Optical systems for neuronal activity imaging in freely moving mice. (a-c) Schemes of the optical elements 

and the light paths of (a) a 1P miniscope, (b) a 2P miniaturized microscope and (c) a 2P fiber bundle-based microscope, 

and the illumination on the imaging plane, wide field (a) or scanning (b and c) MEMS: miniature electromagnetic 

mirrors; CMOS: complementary metal-oxide-semiconductor; GRIN lens: gradient refracting-index lens. Detailed 

information of the three systems is presented in Table 1. 
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System 
Main 

components 

FOV & 

Resolution 

Frame 

rate 

Achievable 

Depth 
3D possible? 

Advantages/ 

Limitations 

1P 

Miniscopes 

LED, 

miniaturized 

camera 

FOV 4.8x3.6 mm2 

Lat. Res. 5 µm 

(Ref. 36) 500 Hz 

Ref. 38 

Superficial 

layers 

~100 µm 

With light-field 

techniques 

Ref. 58,59 

Fast acquisition, 

large FOV, 

wireless 

possibilities/ 

1P resolution and 

depth limitations 

FOV 8x10 mm2 

Lat. Res. 50 µm 

(Ref. 37) 

2P 

Miniaturized 

Microscopes 

Pulsed laser, 

single core 

fiber, MEMS 

FOV 420x420 µm2 

Lat. Res. 1.2 µm 

Axial Res. 18 µm 

(Ref. 44) 40 Hz 

Ref. 44 
< 400 µm 

With tunable 

lenses. 

Ref. 44,46 

High resolution in 

deeper regions/ 

Not shown with 

different imaging 

or 

photostimulation 

techniques 

FOV 1x0.8 mm2 

Lat. Res. 1.47 µm 

Axial Res. 25 µm 

(Ref. 46) 

3P 

Miniaturized 

Microscopes 

Pulsed laser, 

single core 

fiber, MEMS 

FOV 400x400 µm2 

Lat. Res. ~ 1 µm 

Axial Res. ~ 10 µm 

(Ref. 47,48) 

~ 15 Hz 

Ref. 47,48 
< 1.2 mm 

With tunable 

lenses. 

Ref.48 

Access to deeper 

regions/ 

Lower frame rate 

1P fiber 

bundle 

microscopes 

Visible lasers, 

benchtop 

scanners/ 

DMD 

FOV ~250 µm-wide 

Lat. Res. 2 µm 

Axial Res. 10-40 µm 

(Ref. 52–54) 

200 Hz 

Ref. 53 

260 µm in vitro 

120 µm in vivo 

with structured 

illumination 

Ref. 54 

With tunable 

lenses. 

Ref.54 

Compatible with 

optimized 

illumination and 

photostimulation/ 

1P resolution and 

depth limitations 

2P fiber 

bundle 

microscopes 

Pulsed lasers, 

benchtop 

scanners/ 

SLM 

FOV ~250 µm-wide 

Lat. Res. 2 µm 

Axial Res. 10-15 µm 

(Ref. 56,57) 

50 Hz 

Ref. 57 

~150 µm in 

vivo  

Ref. 56,57 

With tunable 

lenses. 

Ref.56 

Compatible with 

optimized 

illumination and 

photostimulation/ 

Optical resolution 

limited by core 

size 

Table 1. A comparison of the main imaging parameters of recently published 1P miniscopes, 2P/3P miniaturized 

microscopes and fiber bundle-based microscopes. 

Unfortunately, most existing systems are currently only compatible with imaging of neuronal 

activity and cannot perform optogenetic photostimulation with single-cell spatial resolution, in 

freely moving animals. The ability to also photostimulate neuronal ensembles in freely moving 

animal holds major insights to correlate microcircuits control with behavioral outputs. In the 

following sections, we review the few existing systems to deliver optogenetic photostimulation to 

the brain in freely moving mice, with a particular attention to systems that can provide near single-

cell resolution photostimulation, and explore potential future developments to overcome current 

limitations. 
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2.  Current optical systems for optogenetic photostimulation in freely moving mice 

2.1 Optoelectronics for optogenetic photostimulation 

Optogenetics, in its simplest form, employs an optical fiber to deliver wide-field 1P illumination, 

therefore already compatible with the study of freely moving animals60,61. Various techniques were 

subsequently developed to increase the spatial precision of light delivery and/or to deliver light at 

multiple points in the brain62. Among those, implantable microLED arrays63–66 provide 

reprogrammable illumination patterns at the millisecond scale for optogenetic control in the brain 

of freely moving animals. Alternatively, multiple fibers (up to several tens) were implanted at 

different brain regions and separately addressed for both fiber photometry and optogenetic 

photostimulation67. Finally, tapered optical fibers68–70 or photonics waveguides71 also allow some 

control over the depth at which light is emitted via mode or wavelength-division multiplexing. 

However, none of these devices are compatible with simultaneous imaging and photostimulation 

with single neuron resolution, which is of great importance to understand how neuronal circuits 

encode information. 

2.2 Systems for all optical studies in freely moving animals 

Only few innovative systems have emerged for near single-cell resolution imaging and optogenetic 

photostimulation in freely moving animals. They are mainly based either on subsequent 

developments of the 1P miniscope architecture, or on the use of fiber bundles. 

a) 1P miniscopes for wide-field imaging and photostimulation 

Miniscopes can readily be combined with cable-connected LED probes for optogenetic stimulation 

of brain regions distal from the imaging FOV72. Integrating the optoelectronic circuit into the 

miniscope offers precise synchronization of optogenetic manipulation with imaging recording. 
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This greatly facilitates accurate post-hoc trace analysis and enables multi-sites optogenetic 

stimulation with a single imaging FOV, providing insights into long-range connectivity in vivo. 

Alternatively, systems with two LED sources at different wavelength bands73 or different lasers74 

were developed to enable imaging and photostimulation over the same FOV. However, these 

systems are limited to wide-field illumination for photostimulation, which does not enable the 

investigation of refined microcircuits. An interesting future perspective could be to couple 

microLED arrays from the previous section with a 1P miniscope to provide higher resolution and 

reconfigurable patterned photostimulation on one brain region, with the simultaneous 1P calcium 

imaging on a different region. 

b) 1P Miniscope and 1P fiber bundle microscopes for patterned illumination 

1P miniscopes can be enhanced by incorporating a miniaturized DMD for spatial light patterning 

in freely moving animals, as demonstrated in the Miniscope with All-optical Patterned Stimulation 

and Imaging (MAPSI) system75 (Fig. 2a). By using a collimated laser beam, MAPSI ensures lateral 

resolutions of ~10 µm and an axial resolution of 30-40 µm, on a 250 µm wide FOV, sufficient to 

achieve near single-neuron stimulation in freely moving animals. However, as a consequence of 

the 1P illumination and the scattering of the brain, the penetration depth at which near single-cell 

resolution photostimulation was achieved remained limited to the first ~ 50 µm below the GRIN 

lens used75. Additionally, while conventional miniscopes typically weight less than 5g, the MAPSI 

system weights 7.8 g (25-30% of the animal weight), which necessitates the use of a weight carrier. 

An alternative strategy is to use optical fiber bundles to transmit at the same time the imaging 

source, the patterned photostimulation and to collect the fluorescence from calcium indicators, as 

shown in Ref.52 for the first time (Fig. 2b). Such system offered, on a 240 µm wide FOV, an 

experimentally defined axial resolution of 18 µm for 5 µm large photostimulation spots, sufficient 

to achieve near single-cell resolution photostimulation. However, as for the MAPSI system, near 
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single-cell photostimulation was only possible within < 60 µm deep from the brain surface. To 

improve penetration depth and spatial resolution of both the imaging and the photostimulation 

spots, and reduce background noise, multi-photon microscopy can be employed. 

c) 2P all-optical studies with a fiber bundle 

Recently, we have developed a two-photon fiberscope, 2P-FENDO57, based on an optical fiber 

bundle, to both record and optogenetically manipulate neuronal populations in freely moving mice 

with single-cell resolution (Fig. 2c). 2P-FENDO uses extended spots encompassing multiple fiber 

cores for both imaging and photostimulation, thereby reducing the power density and preventing 

self-phase modulation effects that can disrupt the excitation pulse76. Importantly, we have 

demonstrated that the inherent inter-core delays of a fiber bundle decompose the excitation spot in 

time, to ensure single-cell axial resolution (~10 µm) and prevent out-of-focus excitation, even for 

extended illumination spots. With 2P-FENDO we have achieved functional imaging at a frame rate 

of up to 20 Hz within a 2D FOV of 250 µm in diameter, together with high resolution 

photostimulation of selected groups of neurons by using a SLM to pattern the light entering the 

fiber bundle. 2P-FENDO demonstrated near single-cell photostimulation precision, as it only 

induced detectable calcium responses in neurons that were within 20 µm from the photostimulation 

spot (spot diameter of 10 µm). The 2P excitation regime, allowed us to access deeper regions within 

the brain (depths of up to 160 µm) below the brain surface.  

However, the limited size of the FOV and the lower optical resolution defined by the inter-core 

spacing, together with the inhomogeneity of 2P excitation through different cores of the fiber 

bundle (characterized for different type of bundles in Ref. 77), result in lower imaging quality 

compared to the previously described multiphoton miniaturized microscopes44,45,47. 



151 
 

  

Fig. 2 All-optical systems for patterned illumination in freely moving animals. a1. 1P MAPSI75 system using 

widefield imaging with a LED and patterned photostimulation with a DMD within a FOV of 250 µm-diameter. The 

fluorescence (in red, as the calcium indicator jRCaMP1b was used in the experiment) is detected with a miniaturized 

CMOS camera. a2. Single-cell resolution photostimulation was proven down to 40 µm below the GRIN lens surface. 

b1. 1P fiberscope52 that propagates two visible wavelength lasers for imaging and photostimulation from a standard 

benchtop microscope to the brain using a fiber bundle and a mini-objective. b2. The FOV for the imaging (using the 

green calcium indicator GCaMP5-G) and the holographic photostimulation is 240 µm-diameter. Single-cell resolution 

photostimulation was proven down to 60 µm deep. c1. 2P fiberscope (2P-FENDO)57 using a fiber bundle and a GRIN 

lens to transmit the 2P excitation for both the imaging (using the green calcium indicator  jGCaMP7s) and holographic 

photostimulation from the benchtop microscope to the head the mice. c2. The FOV is 250 µm-diameter. Single-cell 

resolution photostimulation was proven down to 160 µm below the GRIN lens surface. (a2-c2) Representations of the 

x/y view of the imaged cells (red a2 or green b2/c2) in the FOV (left) with the photostimulation spots (1P excitation 

blue spots in a2/b2 and 2P excitation red spots in c2), and the x/y/z view (right) to illustrate the axial extension of the 

photostimulation spots (better axial resolution is obtained in c2 when using 2P excitation), together with the maximal 
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reachable depth from the brain surface (largest in c2 for 2P excitation). The imaging quality is qualitatively illustrated 

with higher or lower blurring applied to the FOV, and is lower for 1P widefield imaging (a2.) and higher for 1P imaging 

with structured illumination (b2.), and 2P imaging (c2.) DMD: digital micromirror device; CMOS: complementary 

metal-oxide-semiconductor; GRIN lens: gradient refracting-index lens. Detailed information of the three systems is 

presented in Table 2. 

System 
Illumination 

mode 

FOV & 

Resolution Stim. 

Limit 

depth 

Multi- 

plane 

Advantages/ 

Limitations 

µLED 
Multiple µLEDs for 

array illumination 

- FOV limited by the 

size of the array 

- Cone of illumination 

Implant, no 

theoretical 

limitations 

Yes, along 

the shaft 

Implantable in deep 

regions + wireless 

possibilities/ 

No cellular resolution 

and no flexibility to 

target user-desired 

neurons 

1P MAPSI 

Ref.75 

1P laser + single 

core fiber, DMD for 

patterned 

illumination 

- FOV 250 µm-diameter 

- Lat. Res. 10 µm 

- Axial Res. 30 µm 

< 40 µm No 

Miniaturized optics/ 

Lack of cellular 

resolution in depth and 

weight (7.8g) 

1P fiber 

bundle 

microscope 

Ref.52 

1P laser + fiber 

bundle, SLM for 

patterned 

illumination 

- FOV 250 µm-diameter 

- Lat. Res. ~ 5 µm 

- Axial Res. ~ 18 µm 

< 60 µm No 

Light weight/ 

1P resolution and depth 

limitations 

2P-FENDO 

Ref.57 

2P laser + fiber 

bundle, SLM for 

patterned 

illumination 

- FOV 250 µm-diameter 

- Lat. Res. ~ 10 µm 

- Axial Res. ~ 10 µm 

< 160 µm No 

Light weight, 2P 

resolution and depth 

access/ 

No multiplane, lateral 

resolution limited by 

core size 

Table 2. A comparison of the main imaging and photostimulation parameters of recently published µLED systems, 1P 

miniscopes and fiber bundle-based microscopes. 

3.  Perspectives for all-optical systems in freely moving mice 

The currently available all-optical systems developed for the study of freely moving mice all 

present advantages and disadvantages with respect to spatial resolution, diameter of the FOV, 

penetration depth, system complexity, flexibility and weight. New efforts from the neurophotonics 

community will be necessary to improve these technologies to a level comparable to standard 

benchtop microscopes and ensure their widespread accessibility. 

a) Micro optic engineering 
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One potential improvement is to integrate a multiphoton miniaturized microscope (such as 

MINI2P, Ref.44) for the best image quality with a single-cell resolution patterned photostimulation 

system based on a fiber bundle, similar to 2P-FENDO57 (an example of such a system is depicted 

in Fig. 3a). This will require substantial optical, mechanical and electronic engineering efforts, 

especially given the critical need to minimize the weight on the animal’s head. The future 

availability of high performance miniaturized optical components (both active and passive) will 

undoubtedly ease its implementation. Recent developments in high resolution three-dimensional 

(3D) printing offer a promising route, allowing for the direct fabrication of aberration corrected 

and optimized micro-lenses on top of optical fibers78–80 , as well as gradient refractive index 

(GRIN) lenses81.  

b) Miniaturized spatial light modulators 

Targeting arbitrary three-dimensional distributions of cells at the sample plane is of great 

importance in optogenetic applications20. However, this requires phase modulation (such as in 

CGH), which is challenging in freely moving animals as the phase information is mixed across 

different modes of a multimode fiber or different cores of a multicore fiber. Wavefront shaping 

strategies82 using a SLM before the fiber have been used to compensate for phase variations and 

refocus a beam without additional lenses at the fiber output83–87, but remain highly sensitive to the 

fiber bending, which has so far prevented their application in freely moving animals, even if 

progress in this sense is underway 85,88. An alternative strategy to achieve 3D light targeting could 

be to use a miniaturized SLM at the fiber output, in a configuration similar to the MAPSI system75. 

However, the compact DMD used in the MAPSI is highly inefficient when used as amplitude 

modulator and would require complex (and again inefficient) optical designs to be used as a phase 

modulator75, hindering its application in the 2P regime. The development of a portable, lightweight 
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phase-only SLM (as illustrated in Fig. 3b) that can be incorporated directly at the animal head 

would be disruptive for all-optical 2P fiberscopes and thus constitutes a promising direction for the 

neurophotonics field. Apart from miniaturizing existing liquid crystal SLM technology (starting 

for example from the LUNA-NIR-147 model from Holoeye), active and reconfigurable meta-

surfaces could constitute a promising alternative, that has undergone much progress in recent 

years89–91. 

b) Fiber optic engineering 

All-optical systems based on fiber bundles offer the advantage of requiring minimal optics at the 

distal end of the fiber (2P-FENDO only uses a single GRIN lens after the fiber), which limits weight 

and obstruction. Major improvements in these systems56,57 will result from enhanced imaging 

quality, larger FOVs and higher SNR. The image quality is affected by the inhomogeneities in 2P 

excitation77, the core to core coupling92 and the inter-core distance of the fiber bundle (dcore-core), 

while the size of the FOV (FOVmax) is determined by the diameter of the bundle (ϕfiber) and the 

magnification of the optics at the distal end of the fiber (M). Ad hoc design of larger in diameter, 

and yet flexible, bundles with a sufficiently small inter-core distance (dcore-core) to maintain high 

lateral resolution (dxy), dxy = dcore-core/M, and a reduced 2P inhomogeneity, together with optimized 

distal optics46, will increase the FOV (FOVmax = ϕfiber/M) and improve the image quality. Fiber 

engineering, therefore, presents a promising avenue to optimize all-optical studies in freely moving 

animals (as seen in Fig. 3c).  

Finally, one effective way to improve the imaging SNR is by using more complex scanning or 

multiplexing strategies, which are in general difficult to implement in a multiphoton miniaturized 

microscope. For instance, one could avoid scanning areas of the FOV that carry no information. 
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This could be reached with random access microscopy12,50 or even with a scanless approach51 that 

uses CGH to excite only the cells of interest. 

 

Fig. 3 Possible all-optical architectures for patterned illumination in freely moving animals. (a1-c1) Schemes of 

the optical elements, the light paths, and the scanning on the imaging plane. (a2-c2) Representations of the x/y view 

of the imaged cells (green) in the FOV (left) with the photostimulation spots (red spots), and the x/y/z view (right) to 

illustrate the axial extension of the photostimulation spots, together with the expected reachable depth from the brain 

surface. The imaging quality is illustrated by a Gaussian blur applied on the FOV as we compare 2P imaging through 

a single core fiber (a2.), and 2P imaging through fiber bundles (b2/c2). Representations of the expected imaging quality 

(green) in the FOV (left) and the photostimulation spots (red dots), with the reachable depth from the brain surface 

(right), when using 2P excitation (larger depth could be achieved with 3P excitation47,48). The mini objective and 

tunable lens (µTlens) could be for instance the one presented in Ref.44. In a2-b2, we consider the FOV for imaging and 

photostimulation to be the largest ones so far demonstrated when using a single-core optical fiber and MEMS scanners 
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(Ref.44) and a fiber bundle (Ref.56,57) in the 2P regime, while in c2 a larger FOV comes from the optimization of the 

fiber bundle and distal optics as explained in the text. (a2) Independent tunable lenses could enable the decoupling of 

the imaging and photostimulation planes. (b2) The miniaturized SLM at the distal end of the fiber would give access 

to 3D light multiplexing. c2) A single tunable lens would shift simultaneously the imaging and photostimulation plane, 

but on a larger FOV. MEMS: micro-electro-mechanical systems; µTlens: micro-tunable lens; LCOS-SLM: liquid 

crystal on silicon spatial light modulators. 

4. Concluding remarks 

In this manuscript, we have reviewed the state-of-the-art for all-optical studies in freely moving 

mice and we have given different routes to optimize the performances of these devices to match 

standards of current benchtop microscopes. Miniaturized systems for all-optical studies will 

provide an important addition in the near future to understand how discrete neuronal networks 

shape behavior in animals that are free to move. 

It is essential to highlight that a common challenge of all imaging devices working in freely moving 

animals is motion artefacts. While movements in the recorded image can be compensated with 

motion correction post-processing algorithms93,94, achieving single-cell optogenetic targeting along 

the experiment would require online correction to compensate for potential motions of the FOV. 

Lateral displacements of the FOV could be compensated with a fast SLM, by using a fast phase 

recalculation95 to adapt the stimulation pattern to the FOV movements and maintain single-cell 

resolution. All-optical studies of freely moving animals will therefore also largely benefit from 

further algorithm developments as well as computational imaging. 

As a final remark, while optogenetic does its very first steps in clinical applications96, pre-clinical 

studies demonstrated the important role that patterned illumination will play in future therapeutic 

applications97–99. Optical means to implement light delivery targeting are predicted to make 

important contribution for a novel class of brain-machine interfaces100, to translate  optogenetic 
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neuronal control to the clinics. We believe that the concepts described in this article will help 

guiding further developments. 
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C. Multicolor 2P light-patterning 

In this chapter, the inter-core delay dispersion (ICDD) produced in the fiber bundles, and 

introduced in the previous chapter, is harnessed to develop a 2P microscope capable of 3D light 

targeting multiple laser wavelengths simultaneously. This relatively simple system, which uses a 

fiber bundle and a single SLM, possesses the capability to generate multiple excitation beams while 

maintaining extended spots and achieving a single-cell-size axial resolution. 

C.1 Introduction 

C.1.1 3D generation of TF-patterns 

As introduced in Chapter 1, the combination of CGH, GPC or low-NA Gaussian beams 

with TF enables scanless light targeting with single-cell resolution and millisecond temporal 

resolution. In TF-based implementations, cellular-resolution is achieved within a 2D region 

(Papagiakoumou et al., 2008, 2010). To accomplish this, the SLM generates a 2D pattern at the 

first spatial focal plane, where the diffraction grating surface is placed, which also acts as the 

temporal focused plane. By imaging this plane onto the sample plane, both spatially and temporally 

focused 2D patterns are generated. To generate patterns in 3D, the SLM could, in principle, 

introduce a lens effect to axially displace the patterns. However, this modification only displaces 

the spatial focus plane, whereas the temporal focus plane, defined by the grating surface, remains 

fixed. Consequently, this configuration separates the spatial and the temporal focal planes at the 

sample plane, thereby impeding the achievement of 3D light patterns with TF axial confinement. 

One viable solution involves placing the diffraction grating before the SLM, which now 

can generate diffraction-limited spots in 3D, without axially displacing the light into the grating 

plane (Sun et al., 2018). In this configuration, a large Gaussian beam illuminates the diffraction 

grating, which, as introduced in A.4.3, disperses the spectral components (wavelengths) of the 

ultrashort pulse laser in one of the orthogonal directions relative to the propagation axis while 

maintaining beam collimation in the other direction. Since the SLM is now placed in the Fourier 

plane of the diffraction grating (i.e. the focal plane of a lens), this configuration results in a 

dispersed and focalized illumination forming a line at the SLM and, subsequently, at the objective´s 
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back aperture, which is placed in a conjugated plane to the SLM (after 2 lenses). This enables to 

generate TF disks at the position defined by the diffraction-limited spots. To optimize the effect of 

TF and obtain the best axial resolution, the lenses placed before the objective are selected to ensure 

that the line perfectly fills the objective pupil in the dispersed direction. However, this strategy 

presents two principal limitations. First, because of the line illumination created by the diffraction 

grating at the SLM, only a small portion of the SLM is illuminated, thus limiting the maximum 

number of achievable spots due to the photodamage into the SLM when using high laser powers. 

Second, in this configuration, the SLM can only replicate the original Gaussian spot that illuminates 

the diffraction grating. Therefore, this strategy lacks flexibility in the control of the spot shape and 

size generated. 

Several solutions exist to achieve 3D temporally focused light patterning, addressing one 

or both of the previous limitations. These approaches involve the incorporation of additional optical 

components, such as a rotating diffuser, a second SLM or a phase mask, or a galvanometric mirror 

(Hernandez et al., 2016; Pégard et al., 2017; Accanto et al., 2018; Papagiakoumou, Ronzitti and 

Emiliani, 2020; Faini et al., 2023). 

A solution, known as 3D-SHOT (Pégard et al., 2017), employs a lens before the diffraction 

grating to introduce some convergence of the Gaussian beam illuminating the diffraction grating, 

thus enlarging the illuminated area on the SLM. However, as explained before, this system results 

in two different focal planes, one for temporal focusing and one for spatial focusing, compromising 

the axial confinement of the patterns generated at the sample plane. To mitigate this issue, an 

optimized version of 3D-SHOT uses a rotating diffuser (Oldenburg, Bounds and Pegard, 2023) 

positioned after the diffraction grating, resulting in the entire illumination of the SLM to generate 

targets in 3D with an axial resolution of ∼20 μm. However, if this configuration enlarged the spot 

size at the SLM, it remains uncapable of easily change the spot size or shape. 

In our group, a system for 3D TF-CGH has overcome both limitations previously 

introduced by employing two SLMs, in a configuration arranged as SLM1 + grating + SLM2 

(Figure 31A) (Hernandez et al., 2016), and by tiling the SLMs to encode multiple holograms, which 

independently controlled the lateral shape and position (SLM1) and the axial position (SLM2) of 

each pattern. This strategy enabled the remote axial displacement of a temporally focused shape, 
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as well as projecting different TF patterns at axially distinct planes. Additionally, this setup not 

only overcomes the limitation related to shape and size modulation but also eliminates the issue of 

line illumination observed on the SLM situated after the grating. Notably, the grating is no longer 

illuminated by a collimated beam but by a focused light pattern. In the Fourier plane of the grating, 

were the second SLM is placed, a wide and dispersed illumination is achieved (figure 31A). 

However, the need of tiling the SLMs physically limited the number of planes that could be 

addressed. Indeed, in this configuration, the first SLM need to be divided in a maximum of 5 lines 

that displayed 5 different holograms to efficiently control the shape and the lateral position of the 

spots. This forced the second SLM to be divided also in 5 lines, each of them controlling the axial 

position of the spots generated with the first SLM. This strategy limited the number of planes that 

can be simultaneously targeted to only 5 axial planes. Moreover, this approach has the advantage 

of enabling multiple shapes but it is hardly compatible with other beam shaping techniques such 

as GPC or low-NA Gaussian beams, requiring a complicated alignment between the two SLMs 

and several calibration procedures before using the system. 

An alternative configuration of 3D TF-CGH, called MTF-LS (multiplexed temporally 

focused light-shaping), used two SLMs or a SLM and a phase mask, in combination with a 

diffraction grating to multiplex the spots at any position within a volume (figure 31A) (Accanto et 

al., 2018; Papagiakoumou, Ronzitti and Emiliani, 2020). The first SLM (or phase mask) controls 

the size and shape(s) of the illumination and focuses it onto the grating plane. The second SLM is 

placed at the Fourier plane of the grating and multiplexes the original spot in 3D while preserving 

the TF effect. The main difference is that in here the first SLM only controlled the shape of the 

spots while the second one controlled, not only the axial position, but also the lateral one, which 

prevented the SLM to be tiled in different holograms. This system was also combined with GPC 

and showed the possibility to create tens of holographic spots, of 15 µm in diameter, with an 

average axial resolution of 11 µm in a 3D FOV of 300 μm × 300 μm × 500 μm (Accanto et al., 

2018). 
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Figure 31. Experimental setup and results of 3D-CGH. A. A first SLM (SLM1) or a static phase 

mask performed the appropriate phase modulation for generating the desired 2D pattern that was 

then focused on the grating for TF. The first diffraction order was directed to the second SLM 

(SLM2), which created the predefined 3D distribution of diffraction-limited spots at the sample 

positions, thereby replicating the 2D pattern generated by SLM1. B. 2P excitation fluorescence 

volume representation of 50 holographic circular spots of 15 μm diameter in a volume of 300 μm 

× 300 μm × 500 μm. C. Histogram of the maximal 2P excitation fluorescence intensity for each 

spot, normalized to the average intensity of all spots. D. Axial confinement, calculated as the 

FWHM of the axial intensity profile of each spot, as a function of the 𝑧 position. Red stars represent 
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the individual measurements for each spot and blue bars show the mean values in a range of 50 μm 

around the designated 𝑧 position. The mean value across the whole FOE was 11.1±1.8 μm FWHM. 

Adapted from (Accanto et al., 2018). 

Notably, all these strategies are limited by the SLM refreshing rate to generate multiple 

light patterns in the millisecond timescale. To overcome this limitation, a novel strategy used the 

focalized line illumination introduced by the grating into the SLM, when a collimated Gaussian 

beam illuminates the grating, together with the incorporation of a galvanometric mirror placed in 

a conjugate plane before the grating (figure 32). The galvanometric mirror is used to rapidly scan 

the illumination line in one direction across the SLM, enabling the generation of multiple tiled 

holograms aligned with the scanned illumination line, thus allowing for ultrafast sequential 3D 

light targeting (FLiT system, Faini et al., 2023). The use of a fast switching element to rapidly scan 

multiple holograms is used to demonstrate new illumination protocols for optogenetics multi-target 

stimulation. Two illumination protocols, named hybrid and cyclic illumination, are introduced. 

Briefly, hybrid illumination consists in controlling the spiking time of two group of cells with a 

temporal delay (~ 100 µs) shorter than the necessary illumination dwell time, by using three 

holograms. The first hologram to excite the first group of cells, the third hologram to excite second 

group of cells and second one to excite both groups. By sequentially illuminating the three 

holograms it is then possible to sequentially stimulate the two groups of cells with tightly controlled 

delays, limited by the galvo-mirror switching time only. The cyclic illumination uses the off-time 

of a photostimulation cycle of illumination pulses to sequentially illuminate other holograms that 

illuminate other group of cells, so that during the off-time the illumination photostimulate other 

neurons. This strategy enabled multi-target stimulation with a reduction of laser-induced thermal 

effects compared to conventional holographic systems, and the increase on the achievable targets.  
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Figure 32. Optical setup of FLiT system. A pulsed collimated beam (red line) is reflected by a 

galvanometric mirror (GM) onto a diffracting grating via a 4f-telescope. Diffracted off the grating, 

the beam is projected onto a SLM by a lens in the form of a horizontal (i.e., orthogonal to the 

orientation of the grating lines) spatially chirped strip of light. The SLM is projected onto the 

objective´s back aperture via a telescope so that the phase modulation on the SLM allows 

multiplexing the initial beam and generating a multi-site temporally focused pattern of light in the 

sample. As deflection of the beam by the GM results into a translation of the illuminated bands on 

the SLM (multicolor lines), addressing the SLM with independent tiled holograms can lead to fast 

switch of different groups of light patterns into the sample (Adapted from Faini et al., 2023). 

All the systems presented here required a minimum of two optical elements to be coupled 

with the SLM to create multiple TF targets in a 3D, which introduces a certain level of complexity 

and cost. Additionally, as better explained in the following section, because of the use of the 

diffraction grating, none of these systems are easily compatible with the use of multiple laser 

wavelengths at the same time. 

C.1.2 TF with multicolor illumination 

Using a diffraction grating for TF presents significant challenges when working with 

multiple lasers at different wavelengths or tunable wavelength lasers. This can be crucial for 
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experiments that require dual-color scanless imaging and photostimulation (Forli et al., 2018; 

Shymkiv and Yuste, 2023), bidirectional control of neuronal activity through dual-color activation 

and inhibition of the same or different cells (Erbguth et al., 2012; Forli et al., 2018; Vierock et al., 

2021), or single-color scanless illumination with a tunable laser (Demas et al., 2021). 

The use of a diffraction grating (groove density = Λ) for TF relies on the spatial dispersion 

of the spectral components (wavelengths) of an ultrashort pulse laser beam at different angles (θ). 

These angles can be calculated as: θ =  asin (λ /Λ − 𝑠𝑖𝑛(θ𝑖)), where θ𝑖  is the incident angle to the 

diffraction grating (Tal, Oron and Silberberg, 2005; Zhu et al., 2005) (figure 33A-B). If we consider 

typical parameters for an ultrafast laser pulse (central wavelength 900 nm, pulse duration 150 fs), 

the spectral bandwidth of the laser gives a FWHM of ~ 15 nm. As mentioned earlier, the dispersion 

of the grating and the lens placed after it is chosen such that, in the Fourier plane of the grating, a 

dispersed line is generated, filling the objective pupil into the direction of the grating dispersion 

(figure 33B, λ = 900 nm). However, if two different lasers with very distinct central wavelengths 

are used simultaneously, the angles introduced by the grating will be too large, so that only one of 

the two lasers can effectively hit the objective pupil for the same optical alignment. For instance, 

commonly used diffraction gratings (600-800 mm/line) reflect the incident beam at around 1° of 

difference for 15 nm of laser spectrum, which correspond to 18 mm of lateral shift at the objective’s 

back aperture for a lens of 1000mm (as simulated in figure 33C). Conversely, the grating creates 

an ~ 8° difference between a wavelength of 800 nm and 900 nm. The very divergent reflected 

angles introduced into the optical path lead to the focalization of spots at very different position 

(140 mm lateral shift for commonly used lens of 1000 mm) (figure 33B-C). Consequently, these 

misaligned spots fail to enter into the remaining optical path and the objective´s back aperture. 

To compensate for this wavelength-dependent effect and realign the different laser central 

wavelengths to the same location, the introduction of a switching element mirror has been proposed 

(figure 33D) (Lien et al., 2017, 2017; Cheng et al., 2020). This mirror, placed before the diffraction 

grating, enables fast adjustments of the incidence or reflected angles for each laser wavelength as 

they interact with the diffraction grating, ensuring that the reflected angle remains constant for all 

the laser central wavelengths. Consequently, the line dispersion introduced by the grating continues 

to illuminate the same region of the objective´s back aperture, irrespective of any modification to 

the laser central wavelength. Although dual-color 2P excitation with TF was used to image 
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specimens labeled with different fluorophores, the experimental system always needs a switching 

element (such as galvanometric mirrors) to compensate for the different grating reflected angles, 

increasing the system’s complexity. Moreover, this compensation is limited to a narrow range of 

excitation wavelengths, and the use of two lasers with very different wavelengths would introduce 

large incident or reflected angles in the compensation system, which would introduce optical 

aberrations. Additionally, the coupling of such strategy with 3D-CGH systems using 2 SLMs and 

a diffraction grating, would complexify the system even more. 
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Figure 33. Wavelength dependence of a diffraction grating. A. Simulated reflected angles of the 

excitation light from a diffraction grating with an incident illumination of 0°, as a function of the 

excitation wavelength for different groove densities (lines/mm) of gratings. (Adapted from Lien et 

al., 2017, 2019) B. Schematic illustrating the simulated light propagation path for the excitation 

wavelengths of 800, 900 and 1000 nm when using a diffraction grating (groove density of 830 

lines/mm) and a lens (f = 1000 mm), which laterally shifts the beam 140 mm between 900 and 

1000 nm. C. Simulation of the beam propagation at the objective’s back focal plane for different 

wavelengths. The beam at 900 nm is simulated to fill the objective’s back aperture using a lens of 

1000 mm (objective´s pupil = 18 mm). The beams at 800 nm and 1000 nm arrive at the objective’s 

back focal plane at shifted position (-120 mm and 138 mm respectively). D. Schematics of an 

optical configuration for excitation wavelength switching at wavelengths of 800, 900, and 1000 

nm, respectively. The gray dashed line denotes the optical axis of the beam expander assembled by 

the lenses (Adapted from Lien et al., 2017, 2019). 

C.1.3 Fiber bundles with multicolor illumination 

To overcome some of the limitations described in the previous sections and enable 

multicolor 3D light targeting, we have proposed to replace the grating for TF with a fiber bundle. 

The system consists in a fiber bundle that is illuminated with beams from lasers operating at 

different wavelengths. After the fiber bundle and a lens, the SLM is illuminated, and its conjugated 

image is projected onto the objective´s back aperture with two lenses. This configuration, which 

closely resembles the simplest TF configuration for 3D light patterning using a diffraction grating 

and a SLM, enables to perform multicolor 3D light targeting. Before presenting the corresponding 

publication (Lorca-Cámara et al., 2024), I will present optical simulations for comparison with the 

TF-based systems. Similar to the previous configuration, I consider a laser beam entering the fiber 

bundle, composed of multiple cores with a size of 4 µm and inter-core distance of 4.5 µm, one lens 

after the bundle and a microscope objective in the Fourier plane of the bundle. In this simplification, 

the SLM is not considered so that we can look at what happens right after the fiber bundle. Because 

fiber bundles diffract the light beam in all the orthogonal directions relative to the beam's 

propagation, the first effect of this configuration is that, the entire objective´s back aperture is fully 

illuminated without the need for additional active optical elements (figure 34A). Additionally, since 

each core of the bundle imprints a different phase to the beam travelling through it (Andresen et 

al., 2013, 2015), this configuration results in a random phase distribution of the beam at the 

bundle´s output. As seen in the simulations in figure 34B, in this condition, the intensity of the 0th 

order of the diffracted light is maximized and propagated to the objective’s back aperture for all 

the wavelengths simulated. This configuration renders the fiber bundle insensitive to the incident 
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laser wavelengths (figure 34B). As the propagation angle of the 0th order at the output of the fiber 

bundle remains constant, regardless of the excitation wavelength, it becomes suitable for multicolor 

3D light targeting using a single beam path, after the fiber bundle exit, and reducing the system 

complexity. The 0th order of the diffracted light cannot be effectively utilized with a diffraction 

grating because the spectral components are not dispersed in this diffracted order, rendering the TF 

effect inapplicable. However, the 0th order can be harnessed when using a fiber bundle, thanks to 

the ICDD effect, which provides temporal demultiplexing of the excitation light even in its 0th 

order. 

 

Figure 34. Simulation of beam propagation through a fiber bundle (core diameter = 4 µm). A. 

Simulation of a Gaussian beam (75 µm diameter) illuminating a fiber bundle. (i) The beam initially 
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illuminates the fiber bundle introduces. (ii) The fiber bundle introduces, on each core, a random 

phase [0-2π]. (iii) The beam is then propagated with a lens (f = 40 mm) to fill the objective´s back 

aperture to fully illuminates the pupil of the objective. B. Different wavelengths, at 800, 900 and 

1000 nm are simulated and propagated to the objective’s back aperture. In this case, the system is 

wavelength-independent and the beam arrives at the same position at the objective´s back aperture. 

The results shown in figure 34 for different wavelengths are directly related to the 

randomness of the phase, a consequence of the independent propagation through different cores. 

However, it is worth noting wavefront shaping methods exist that use a SLM to compensate for the 

phase difference and rephase all the cores at the fiber output (Andresen et al., 2015, 2016; Gajendra 

Kumar et al., 2023). These methods can force the outgoing beam to be focused at the desired 

position (and not just on the 0th order) after the fiber bundle. In this case, however, as the rephasing 

effect is highly dependent on the wavelength, different propagation results and different beam focus 

positions would be obtained for different laser wavelengths. 

In the next section (C.2), I will show how we take advantage of the wavelength 

independence of the propagation, the full illumination of the SLM, and the ICDD in the fiber bundle 

to create extended excitation spots at different wavelengths while maintaining micrometer axial 

resolution, without the addition of other optical components. 

C.2 Multicolor 2P light-patterning microscope using a fiber bundle 

In this project, my contribution involved the design, the set-up, the full characterization and 

the optimization of the optical system. Our work demonstrated that the system presents an 

advantageous strategy to perform multicolor 3D light patterning with a single beam path, although 

it is limited to the use of low-power lasers, as discussed in the corresponding publication. 

C.2.1 Paper 
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Abstract: The development of efficient genetically encoded indicators and actuators has opened up the possibility 

of reading and manipulating neuronal activity in living tissues. To achieve precise and reconfigurable targeting of large 

numbers of neurons with single-cell resolution within arbitrary volume, different groups have recently developed all-

optical strategies based on two-photon excitation and spatio-temporal shaping of ultrashort laser pulses. However, such 

techniques are often complex to set up and typically operate at a single wavelength only. To address these issues, we 

have developed a novel optical approach that uses a fiber bundle and a spatial light modulator to achieve simple and 

dual-color two-photon light patterning in three dimensions. By leveraging the core-to-core temporal delay and the 

wavelength-independent divergence characteristics of fiber bundles, we have demonstrated the capacity to generate 

high-resolution excitation spots in a 3D region with two distinct laser wavelengths simultaneously, offering a suitable 

and simple alternative for precise multicolor cell targeting. 

© 2022 Optica Publishing Group under the terms of the Optica Publishing Group Open Access Publishing Agreement 
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1.    Introduction  
In recent years, the field of neuroscience has been revolutionized by optogenetics, which enables to induce or inhibit 

neuronal activity in specific populations of neurons by using light1–4. To gain a deeper understanding of how spatial 

and temporal patterns of neuronal activity in the brain influence perception and behavior, advanced optical techniques 

are required to control the activity of groups of neurons with single-cell resolution and in a reconfigurable manner. In 

pursuit of this goal, researchers have developed optical systems that combine two-photon excitation (2PE)5,6, which 

increases optical sectioning and penetration depth through scattering media, with computer-generated holography 

(CGH)7 or generalized phase contrast (GPC)8 utilizing spatial light modulators (SLMs) to precisely and dynamically 

target single or groups of neurons in large volumes9,10. Pioneering experiments using similar methods have started to 

show that precise optogenetics photostimulation of selected neurons in the mouse brain can influence the animal 

behavior and affect perception11–14 or influence neuronal population dynamics15. Sequential optogenetic activation of 

one or few cells at cellular resolution also enabled in vitro and in vivo high throughput connectivity mapping16–19. 

In general, to efficiently photostimulate groups of neurons with 2PE, a SLM is used to multiplex the excitation onto 

different targets, in combination with spiral scanning20 or to generate large excitation spots21 to cover the whole soma 

of a neuron. In the latter case, to overcome the loss of axial resolution that a laterally extended excitation spot would 

cause, lateral light shaping is combined with the temporal focusing (TF22–24) technique. TF is based on a diffraction 

grating that decomposes the spectral wavelengths of an ultrashort laser pulse, thus increasing the pulse duration and 

preventing 2PE until all the colors are recombined at the sample plane22,23. Most implementations that combine CGH 

or GPC and TF can only achieve 2P photostimulation with cellular resolution and high temporal precision within a 2D 

region25,26, which corresponds to the image plane of the diffraction grating. To extend experiments to a 3D volume, 

additional optical elements are generally required beyond the diffraction grating and a single SLM. For instance, a 

second SLM to displace laterally and axially the temporally focused shape generated by the first SLM (or a fixed phase 

mask) on the TF grating27–29. Alternative approaches for the generation of 3D temporally focused patterns used a large 

Gaussian beam30 and, in its revised form, a rotating diffuser between the diffraction grating and the multiplexing 

SLM31, or a galvanometric mirror, placed before the SLM, to sequentially scan vertically aligned holograms for 

ultrafast sequential light targeting32.  

Besides the use for optogenetics, temporal focused multitarget illumination has been also used for multitarget 

functional imaging using genetically encoded calcium33,34 or voltage indicators35, or for fast scanning volumetric 

calcium imaging with temporally focused spots36. 

One of the significant challenges arising from the use of the diffraction grating for TF occurs when attempting to 

tune the incident wavelength or coupling multiple colors, which is important in experiments that require, for instance, 

dual-color scanless imaging and photostimulation34,37,38, bidirectional control of neuronal activity through dual-color 

activation and inhibition of the same or different cells37,39,40 or single color scanless (or TF scanned) illumination33,36.  

Because TF is based on the spatial dispersion of the different wavelengths of the laser beam at different angles23, 

lasers beams with different central wavelengths would be diffracted at different angles. This requires to readjust the 

angle between the incident or the reflected beam and the grating to maintain a constant deflection for the different 

wavelengths. Although dual-color 2PE with TF was used to image specimens labeled with different fluorophores41,42, 

the experimental system always needed a switching element (such as galvanometric mirrors) to compensate for the 

different grating angles, increasing the system’s complexity. Moreover, this compensation is limited to a narrow range 

of excitation wavelengths.  

In this study, we present a novel optical configuration for the generation of single and multicolor 2D and 3D light 

patterns, where the diffraction grating for TF is replaced by a multi-core optical fiber bundle. This system capitalizes 

on the core-to-core delay dispersion inherent to the fiber bundle, a concept previously detailed in Ref43, allowing us to 

maintain micrometer-level axial resolution independently of the resultant spot size. Our results demonstrate that this 

approach simplifies the optical setup, obviating the necessity of two SLMs for 3D light patterning, or of a rotating 

diffuser. Furthermore, we demonstrate that substituting the diffraction grating with a fiber bundle preserves the 

propagation angle after exiting the fiber bundle, irrespective of the excitation wavelength. Consequently, this 

innovation enables the generation of 2D and 3D multicolor light patterns using a single beam path. 
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2.    Materials and Methods  
2. 1 Optical setup 

The optical setup (Fig. 1a) uses two different laser sources: 1) a low repetition rate laser (Goji, Amplitude, central 

wavelength of 1030 nm, pulse duration of 150 fs, total power of 4 W, repetition rate of 10 MHz) and 2) a high repetition 

rate laser (Spark Alcor, central wavelength of 920 nm, pulse duration of 120 fs, total power of 4 W, repetition rate of 

80 MHz) whose output powers are controlled by a lambda-half waveplate and a polarizer. The beam coming from each 

laser, after being combined with a dichroic mirror, is focalized with a short focal length lens (f0 = 18 mm) in the same 

region of the fiber bundle (Fujikura model FIGH-15-600N, inter-core distance ∼4.5 µm, length of 2 meters, diameter 

of 550 µm), illuminating the same number of cores. The spot size that illuminates the fiber bundle, and thus the spots 

size at the sample plane, are modified by moving the lens (f0) placed before the fiber bundle with a translational stage 

that adjusts the distance between f0 and the fiber bundle and thus the defocus (Fig. 1b).  

To compensate for the dispersion of the fiber bundle and additional optical elements, we adjust the pulse compressors 

inside the lasers with an internal dispersion control (around -90000 fs2)43. At the fiber bundle output, the beam is 

collimated with an aspheric lens of NA = 0.5 (f1 = 8 mm, A240-B, Thorlabs). After that, a telescope magnifies the 

laser beams by a factor of 4 (f2 = 150 mm and f3 = 600 mm) to fill the screen of the SLM (LCOS-SLM X13138-03, 

Hamamatsu Photonics, resolution 1272 × 1024 pixels, 12.5 μm pixel size). The SLM is illuminated with an angle of 

10 degrees to ensure proper performance. We experimentally verified that, with the beam divergence at the fiber bundle 

output and the lenses used, the beam at the SLM had a diameter, D, of 12.5 mm, matching the short side of the SLM 

screen. This value enables deriving the NA of the fiber bundle as 𝑁𝐴𝑓𝑖𝑏𝑒𝑟  = 
D/2

f𝑒𝑞
=

12.5/2

32
 = 0.2, where 𝑓𝑒𝑞 =

𝑓1⋅𝑓3

𝑓2
, represents the equivalent focal lens of the lenses placed between the fiber bundle and the SLM. A second telescope 

(f4 = 200 mm and f5 = 300 mm) conjugates the SLM plane with the entrance of the microscope objective (Olympus 

XLUMPlanFL N 18/12 20XW, NA =1), filling its back aperture. Because the fiber bundle randomizes the input 

polarization, a polarizing beam splitter is placed before the SLM to select only the horizontal components (half of the 

total input light) and minimize the intensity of the zero (non-diffracted) order after the SLM. The SLM, placed at the 

Fourier plane of the fiber bundle output, multiplexes the original spot, which is composed of multiple illuminated fiber 

bundle cores, to generate 2D and 3D light patterns at the sample plane. The maximal reachable 2D FOV 

(∆𝑥𝑚𝑎𝑥 × ∆𝑦𝑚𝑎𝑥) depends on the effective objective NA and the number of pixels of the SLM44: ∆𝑥𝑚𝑎𝑥 × ∆𝑦𝑚𝑎𝑥 =
λ⋅𝑁

4⋅𝑁𝐴𝑜𝑏𝑗
×

λ⋅𝑁

4⋅𝑁𝐴𝑜𝑏𝑗
. The phase holograms displayed by the SLM are calculated using a Gerchberg-Saxton algorithm45. 

Because the SLM is a diffractive optical element, the generated deflection angles depend on the laser wavelength. 

Different phase masks are therefore calculated for each laser wavelength and displayed on the SLM at different times. 

A beam blocker is placed in the plane between f4 and f5 to block the 0th order of the SLM. A custom-designed 

software, Wavefront-Designer V, written in C++ and using the open graphic library Qt 5.15.2, controls the SLM for 

the dynamic CGH configuration. The software also includes phase corrections for the first-order Zernike aberrations 

and the possibility to add a calibration mask to homogenize the fluorescence intensity distribution in the 3D field of 

view (FOV). The software also uses the capabilities of the Cuda GPU to accelerate processing speed, which were 

added to take advantage of both CPU and GPU capacity to calculate 3D patters even more efficiently46,47. 



183 
 

 

The magnification of the system, from the fiber bundle output to the sample plane can be expressed as ≈
𝑁𝐴𝑜𝑏𝑗

𝑁𝐴𝑓𝑖𝑏𝑒𝑟
, 

under the condition that the excitation beam completely fills the objective pupil (ϕ𝑝𝑢𝑝𝑖𝑙). This expression can be 

derived by looking at the simplified schema of fig. 1c) where the lenses (𝑓1−5) between the fiber bundle and the 

objective are replaced with a single lens of equivalent focal length 𝑓𝑡𝑜𝑡𝑎𝑙 =
𝑓1⋅𝑓3⋅𝑓5

𝑓2⋅𝑓4
 , and considering the corresponding 

expressions for the fiber bundle and objective numerical apertures: 𝑁𝐴𝑓𝑖𝑏𝑒𝑟  ≈ 𝑡𝑎𝑛(θ) =
ϕ𝑝𝑢𝑝𝑖𝑙

2⋅𝑓𝑡𝑜𝑡𝑎𝑙
 and 𝑁𝐴𝑜𝑏𝑗 ≈ 

ϕ𝑝𝑢𝑝𝑖𝑙

2⋅𝑓𝑜𝑏𝑗
. 

The total magnification (M) of the system can be then expressed as M = 
𝑓𝑡𝑜𝑡𝑎𝑙

𝑓𝑜𝑏𝑗
 ≈ 

𝑁𝐴𝑜𝑏𝑗

𝑁𝐴𝑓𝑖𝑏𝑒𝑟
 . This, given that, in our system 

𝑁𝐴𝑜𝑏𝑗 = 1 and 𝑁𝐴𝑓𝑖𝑏𝑒𝑟  = 0.2, results in a total magnification of ≈ 5 in agreement with the measured value of 5.3. As 

a result, the generation of e.g. a spot of ∼15 µm of lateral size corresponds to a spot of 80 µm diameter at the fiber 

bundle input corresponding to the illumination of ∼300 cores.  

 

2.2 Detection System and axial resolution measurements 

The patterns generated by the SLM and focused by the excitation objective illuminate a thin fluorescent film made 

of a spin coated layer of rhodamine-6G in polymethyl methacrylate (2% w/v in chloroform), and the 2P-excited 

fluorescence is collected by a second objective (Nikon, PLAN 40X, 0.7 NA) in transmission geometry and detected 

by a sCMOS camera (Orca Flash 4.0 C11440, Hamamatsu) using a tube lens (TL = 180 mm) and 2 IR blocking filters 

(Thorlabs TF1) (Fig. 1a). For characterizing the axial resolution, a z-step piezoelectric scanner (PI N-725.2A PIFOC) 

is used to axially scan the excitation objective over the desired z range in steps of 2 μm to obtain 3D stacks of images, 

while the second objective is fixed and focused on the fluorescent film plate. 

The sCMOS camera is controlled with MicroManager and synchronized with the z-stack piezoelectric scanner of the 

excitation objective to measure the axial profiles of the spots created in the fluorescent sample. The recorded stacks 

Fig. 1: Experimental setup for a multicolour 3D light-patterning 2P microscope. a) The Goji laser (4 W, 1030 nm, 10 MHz, 150 fs) 

and the Spark laser (4 W, 920 nm, 80 MHz, 120 fs), coupled with a dichroic mirror (DM), are focused (f0 =18 mm) at the entrance of the 

fiber bundle (FB) illuminating multiple cores. After the fiber bundle (NA = 0.2) the light is collimated with a lens f1 = 8 mm (NA = 0.5). 

A telescope is used to match the beam with the SLM (f2 = 150 mm and f3 = 600 mm) and another telescope to match the size of the 

objective pupil (x20 NA = 1) with lenses (f4 = 200 mm and f5 = 300 mm). The total magnification of the system is x5.3, which maximizes 

the number of cores (around 300 cores for a 15 µm diameter spot) thus minimizing the power per core for a given total power. A polarized 

beam splitter (PBS) ensures that the correct polarization is sent to the SLM and rejects half of the light coming from the fiber bundle. The 

excitation objective can be moved axially with a piezoelectric motor to measure the axial profiles of the spots in the sample plane. The 2P 

fluorescence is measured using an inverted objective (x40 NA = 0.5) and a lens (TL = 180 mm) with an sCMOS camera. b) Input side of 

the fiber bundle illumination, showing that by moving the f0 lens - fiber bundle relative position, we can defocus the light to change the 

number of spots we illuminate, thus changing the spot size in the sample plane. c) Simplified optical scheme of the system where all the 

lenses between the fiber bundle and the excitation objective are reduced to an equivalent lens of focal ftotal, which is determined by the 

excitation objective we use, considering a complete illumination of the objective back aperture, and the NAfiber.  
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are analyzed using Matlab and ImageJ. The 2P fluorescence values for each spot are obtained by integrating the 

intensity of all the pixels of the camera in a circular area containing the spot. Axial intensity distributions are obtained 

by integrating the intensity of the pixels in the same area for each plane of the recorded stack. The axial confinement 

values are reported as the full-width at half maximum (FWHM) of the axial profiles of the spots fitted with a Lorentzian 

model. Statistical data in axial resolution measurements are reported as mean ± standard deviation, and as averaged 

normalized mean ± standard deviation for 2P fluorescence signal measurements. 

 

3.    Results 
3.1 Axial resolution for extended spots with a fiber bundle 

We first characterized the axial resolution of a single spot that encompasses ∼ 300 cores of the fiber bundle and 

results in a disk of 15 µm in diameter at the sample plane, at the center of the FOV. As recently demonstrated, the 

inter-core delay dispersion of these fiber bundles, enables maintaining micrometer size axial resolution through a 2P 

fiberscope43 independently of the laterally extension of the excitation spots. In practice, when multiple cores are 

illuminated simultaneously with an extended spot, the pulses from each core arrive at the sample plane at slightly 

different times due to small variations in the shape and size of the cores (Fig. 2a)48. This has the same consequence of 

TF, namely, a decrease of the out-of-focus 2PE, and maintains the axial confinement independent on the lateral spot 

size. 

This effect is demonstrated in fig. 2b where we compare the axial confinement of spots of different sizes generated 

at the center of the FOV by conventional CGH with spots that are propagated through the fiber bundle. As one can 

clearly see, the axial resolution of the spots is reduced to ∼8 µm when using a fiber bundle and it shows little 

dependence on the lateral spot size compared to the axial resolution of CGH spots (axial resolution = 20 - 40 µm). 

 

 3.2 The effect of self-phase modulation on 2PE efficiency and axial resolution 

In this section, we characterize the effect of the laser powers on the 2PE efficency and axial resolution. As descibed 

in the methods, in the current system, the spots at the sample plane are all replicas, generated by the SLM, of the same 

original spot created at the fiber bundle exit. To produce many excitation spots at the sample with sufficient power per 

spot, we therefore need to increase the total power at the fiber bundle entrance. As previously shown49–52, one of the 

main challenges associated with using high laser powers through optical fibers or fiber bundles, is the occurrence of 

nonlinear effects as self-phase modulation (SPM), which can distort the laser pulses traveling through the fiber bundles, 

and correspondingly reduce the 2PE efficiency and axial resolution. For fibers similar to the one used in this study, the 

Fig. 2: Characterization of the axial resolution for extended spots with and without the fiber bundle. a) Schematic representation 

of the inter-core delays experienced by an ultrashort laser pulse (𝜏0 = 150 fs) when propagating through multiple cores of a ~2 m length 

Fujikura fiber bundle. b) Axial profiles of extended spots of 7, 15 and 30 µm created with fiber bundle (FB), corresponding to 65, 300 

and 1200 illuminated cores, and with CGH without the fiber bundle. Insets: example of the front view (x,y) and the side view (x,z) of the 

2P fluorescence signals generated by the 15 µm diameter spot with and without the fiber bundle. The axial confinement obtained with the 

fiber bundle is ~8 µm i.e. 2-4 times smaller than what achievable without the fiber bundle (~20-40 µm) by using 1mW/core. Scale bar = 

10 µm. 
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threshold for SPM when using an 80 MHz repetition rate laser at a wavelength of 850 nm is of ∼10mW/core52, which 

corresponds to a pulse energy per core of 0.12 nJ. 

To characterize the effects of SPM on the pulse broadening and axial resolution, for the lasers and wavelengths used 

in this study (920 nm and 1030 nm; 80 and 10 MHz repetition rate) we performed two separate sets of measurements. 

In a first set of experiments, we measured the 2P fluorescence generated by a 15 µm spot at constant power into the 

rhodamine sample, while increasing the power per core. This was achieved by adding a second power control at the 

output of the fiber bundle which maintains constant the power at the sample plane while a first power control increases 

the power per core sent to the entrance of the fiber bundle. The power per core was calculated by dividing the power 

measured at the output of the fiber bundle (which is ∼ 60% of the power at the entrance of the fiber bundle) by the 

number of cores illuminated (∼300 cores). Because the 2PE is inversely proportional to the laser pulse duration (𝜏), 

measuring the fluorescence decrease as a function of the power per core (Pcore), for a constant power into the sample, 

gives an indirect measurement of the effect of the SPM on the pulse broadening. Considering that the measurements 

of 2PE when low Pcore are used, i.e. 2PE0, correspond to the shortest pulse duration 𝜏0, we can write the following 

equation: 
2PE(τ)

2PE0
=  

τ0

τ
, where τ0 = 150 fs and τ0 = 120 fs (i.e. the nominal pulse durations from the laser 

manufacturers) for the low and high repetition rate laser, respectively. Using this equation, we obtained the values for 

𝜏 reported in Fig. 3 for different laser powers. A linear relation 𝜏(Pcore) = 𝜏0 + Δ𝜏(Pcore) = 𝜏0 + K ⋅ Pcore was found to 

well represent the experimental data in the range of powers used in the graphs. We therefore used such a curve to fit 

the data point by letting the parameters 𝜏0 and K vary freely. We obtained the values of ∼123 fs and ∼160 fs for the 

two lasers respectively, and found that at the maximum power used of 8 mW/core (corresponding to 0.1 and 0.8 nJ for 

the high and low repetition rate lasers, respectively), the laser pulse increased to 190 fs and 480 fs, for each laser (Fig. 

3a and 3b) which corresponds to a 50% and 210% of pulse broadening (Δ𝜏) with respect to the initial laser pulse 

duration (see Supp. Fig. 1 for pulse broadening dependence on the peak power for both lasers used). Secondly, we 

measured the axial profile of a single 15 µm spot focused on a thin fluorescent layer of rhodamine in the center of the 

FOV (x = y = z = 0) using different powers per core for both lasers. As shown in (Fig. 3c and 3d), the FWHM of the 

axial profiles increases when illuminating the fiber bundle with higher powers per core. Specifically, the axial 

resolution changes from ∼6 to ∼7 µm for the high repetition rate laser and from ∼5 to ∼8 µm for the low repetition 

rate laser. This effect can be explained by the broadening of pulses due to SPM, discussed earlier. Specifically, with a 

constant inter-core delay dispersion (as it depends on a property of the fiber), the longer the pulses, the more likely 

pulses from different cores will overlap, resulting in an increased out-of-focus excitation and therefore loss of axial 

resolution.  
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3.3 Optical Characterization of 2D and 3D pattern generation 

In this section, we demonstrate the capability of the system for creating multiple 2PE spots, in a volume, using two 

wavelengths (920nm and 1030nm). To this end the two lasers are focalized to illuminate the same cores at the fiber 

bundle entrance, and the SLM, positioned after the fiber bundle, is used to multiplex and displace the replicas of the 

original spots by using for each wavelength the corresponding phase mask. To be noted that, to simulate experimental 

conditions in which the setup is used to target the largest number of cells, in what follows, we always use the highest 

input laser power (4 W, ∼8 mW/core). This leads to suboptimal pulse durations and axial resolutions, particularly for 

the low repetition rate laser. 

We first demonstrate the possibility of creating a two-color distribution of 2PE spots on a single plane, on the largest 

2D FOV allowed by the system (limited by the maximal angles the SLM can produce44). To homogenize the relative 

intensity of different spots at different distances from the center of the FOV, we applied for the two wavelengths the 

same diffraction efficiency correction mask on the SLM 27 (Fig. 4a).  

As the SLM is a diffractive element, the deflection angles, and consequently, the x and y positions of the spots at the 

sample plane, depend on the incoming wavelength (Fig. 4b). This results in a wavelength-dependent calibration offset 

required to match the intended and effective positions of the spots. To compensate for this effect, when generating 

spatially overlapping spot distributions for the two wavelengths, we added a further relative scaling factor of 0.88 to 

Fig. 3: Optical characterization of a single spot through a fiber bundle. a, b) In blue, measurements of the FWHM of the axial profiles 

in c, d) and in red, the calculated pulse duration of a 15 µm diameter spot in the sample plane for different powers, for the high and low 

repetition rate laser respectively. The pulse duration after the fiber bundle is obtained from the 2P fluorescence measured in the sample as 

described in the text. The laser pulse duration increases as the power density in the fiber bundle increases due to the SPM. The solid red line 

indicates a linear fit 𝜏 = K ⋅ Pcore + 𝜏0 between the power per core (Pcore) and the pulse duration (𝜏). From the fit we obtain K = 7.8 fs/mW and 

𝜏0 = 123 fs for the high repetition rate laser, and K = 43.8 fs/mW and 𝜏0 = 160 fs for the low repetition rate laser, respectively. c, d) 

Measurements of the normalized axial profile of the 2P fluorescence of a 15 µm diameter spot in the sample plane at different powers, while 

illuminating ∼300 cores in the fiber bundle with the 920 nm (c) and 1030 nm (d) laser. The power per core is determined by dividing the 

power measured at the fiber bundle output by the number of cores. Bottom right insets: front (x,y) and side (x,z) view of a 15 µm spot when 

using 2 mW/core. 
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the phase masks that control the spot generation with the laser at 1030 nm. This enables the creation of overlapping 

patterns at the sample plane, with the appropriate and sequentially applied phase mask for each wavelength, as shown 

in fig. 4b.  

 

In fig. 4c we show the obtained 2P fluorescence signal and the axial resolution of multiple spots generated from 

different patterns using the two lasers simultaneously (10 spots per pattern, 4 different patterns). We found values for 

the axial resolutions comprised between 8 and 18 µm, with a mean FWHM = 15 µm (standard deviation = 3 µm) at 

920 nm and between 14 and 20 µm, with a mean FWHM = 16 µm (standard deviation = 2 µm) at 1030 nm.  

Finally, we demonstrate the ability to create 3D two-color excitation patterns in a volume of 380 x 380 x 300 µm3 

(Fig. 5). The average axial resolution (FWHM) of the spots is 20 µm at 920 nm and 24 µm at 1030 nm. There is a 

worsening of the axial resolution in both x-y plane and in z direction as we moved away from the center of the FOV, 

which we attribute to larger aberrations. The lateral profile for different spots in the volume for both lasers was also 

characterized to confirm that the properties of the spots were well-maintain throughout the entire FOV (Supp. Fig. 2). 

Similar to what was done for 2D two-color generation of spots, a scaling factor (= 0.88) was added to the phase masks 

that control the 1030 nm beam. 

Fig. 4: Optical characterization of multiple spots multiplexed in 2D with the SLM through a fiber bundle. a) Top: Example of the 

recorded 2P fluorescence signal in the sample plane when a pattern (36 spots) without (left) and with (center and right) the correction is 

created for the two lasers in the 2D FOV. Bottom: Examples of the 2P fluorescence signal (a. u.) for a line of spots distributed along the Y 

axis. Left (blue): Diffraction efficiency correction is not applied so that a clear dependence of the 2P fluorescence with the distance to the 

center is shown. Right (red and green): diffraction efficiency correction is applied after a calibration to homogenize the 2P intensity 

distribution for both lasers. b) Example of 2P fluorescence signal in the sample plane when two patterns (10 spots per pattern) are created 

with the two different lasers. On the left, patterns 1 and 2 are applied to both lasers without applying the scaling factor. On the right, the 

scaling factor (= 0.88) is applied to the 1030 nm laser to produce overlapping spots. c) Left: Average normalized 2P signal of the spots 

randomly distributed in a 2D FOV of 380x380 µm2 as a function of the distance to the center of the FOV for the two different lasers after 

the diffraction efficiency correction mask is applied. Right: FWHM of the axial profiles of the spots randomly distributed in a 2D FOV of 

380x380 µm2 as a function of the distance to the center of the FOV for the two different lasers. 
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With these results, we have demonstrated that our method can produce nearly uniform (std ∼ 30%) two-color 

distributions of axially confined spots across a FOV of at least 380 x 380 x 300 µm3. 

3.4 System capabilities 

Here, we analyze the different parameters that need to be considered when designing an optical system tailored to 

diverse experimental conditions. This involves finding a balance between optimizing the available power (and 

consequently the achievable number of spots), and the achievable axial resolution and FOV. This is especially relevant 

for the current system, where increasing the number of spots at the sample plane requires increasing the power per 

core, 𝑃𝑐𝑜𝑟𝑒 , at the fiber bundle, which, because of the SPM effect, can be detrimental for the 2PE efficiency and the 

axial resolution. 

As explained in the methods, the condition on the optical magnification between the fiber output and the sample 

plane required to fill the pupil of the objective becomes 𝑀 ≈
𝑁𝐴𝑜𝑏𝑗

𝑁𝐴𝑓𝑖𝑏𝑒𝑟
~ 5 when considering 𝑁𝐴𝑓𝑖𝑏𝑒𝑟= 0.2 and an 

objective with 𝑁𝐴𝑜𝑏𝑗 = 1. An excitation spot of diameter ϕ𝑠𝑎𝑚𝑝𝑙𝑒  at the sample plane corresponds to a diameter of 

ϕ𝑓𝑖𝑏𝑒𝑟 = 𝑀 ⋅  ϕ𝑠𝑎𝑚𝑝𝑙𝑒  at the fiber bundle. If we call the inter-core distance of the fiber bundle ϕ𝑐𝑜𝑟𝑒, then the total 

number of cores illuminated by a spot can be expressed as 𝑁𝑐𝑜𝑟𝑒𝑠 = (
 ϕ𝑓𝑖𝑏𝑒𝑟

ϕ𝑐𝑜𝑟𝑒
)

2

=   (𝑀 ⋅
 ϕ𝑠𝑎𝑚𝑝𝑙𝑒

ϕ𝑐𝑜𝑟𝑒
)

2

≈ (
𝑁𝐴𝑜𝑏𝑗

𝑁𝐴𝑓𝑖𝑏𝑒𝑟
⋅

 ϕ𝑠𝑎𝑚𝑝𝑙𝑒

ϕ𝑐𝑜𝑟𝑒
)

2

. For our experimental conditions ϕ𝑐𝑜𝑟𝑒 = 4.5 µm and considering a spot size at the sample of diameter 

ϕ𝑠𝑎𝑚𝑝𝑙𝑒 = 15 µm, we obtain 𝑁𝑐𝑜𝑟𝑒𝑠 ≅ 300 cores. 

To calculate the total power at the sample plane and the 2PE efficiency, which depends on the pulse broadening, we 

first consider the power losses between the laser output and the sample plane within our experimental system. These 

losses are given by several components: the fiber bundle (transmission of 60%, Tfiber), the PBS (transmission of 50%), 

the SLM (reflection of the 1st diffraction order of 70%) and the excitation objective (transmission of 50-60% at the 

wavelengths used, Tobj), resulting in a total transmission 𝑇𝑡𝑜𝑡𝑎𝑙 = 12%. Denoting 𝑃𝑙𝑎𝑠𝑒𝑟  as the laser power at the fiber 

entrance, the total available power at the sample plane is 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑃𝑙𝑎𝑠𝑒𝑟 ⋅ 𝑇𝑡𝑜𝑡𝑎𝑙 .  

However, for a fixed spot diameter at the fiber bundle, an increase in 𝑃𝑙𝑎𝑠𝑒𝑟  beyond a specific threshold results in an 

elevated power per core, causing pulse duration broadening. For the range of laser powers used here, the pulse duration, 

denoted as τ, can be approximated as τ = 𝐾  ⋅ 𝑃𝑐𝑜𝑟𝑒 + τ0, where K and 𝜏0 represent the slope and the nominal pulse 

duration obtained from the linear fit in fig. 3b respectively. As 𝑃𝑐𝑜𝑟𝑒  is the power per core, 𝑃𝑐𝑜𝑟𝑒 =  𝑃𝑙𝑎𝑠𝑒𝑟 ⋅

𝑇𝑓𝑖𝑏𝑒𝑟 /𝑁𝑐𝑜𝑟𝑒𝑠, we obtain: 

τ  ≈ τ0  +  K ⋅  𝑃𝑙𝑎𝑠𝑒𝑟 ⋅ 𝑇𝑓𝑖𝑏𝑒𝑟  ⋅ (
𝑁𝐴𝑓𝑖𝑏𝑒𝑟

𝑁𝐴𝑜𝑏𝑗
⋅

 ϕ𝑐𝑜𝑟𝑒

ϕ𝑠𝑎𝑚𝑝𝑙𝑒
)

2

 (1) 

Fig. 5: Optical characterization of multiple spots multiplexed in a 3D volume with the SLM through a fiber bundle. a) Example 

of the recorded 2P fluorescence signal in the sample plane when 42 spots are created in a 3D FOV of 380x380x300 µm3 with both colors 

(green for the laser at 920 nm and red for the laser at 1030 nm) Top: (x,y) front view. Bottom: (y,z) side view. b) Axial profiles of some 

spots distributed in the 3D FOV at different (x, y, z) positions in a with the 1030 nm laser. c) FWHM of the axial profiles of the distributed 

in the 3D FOV in function of the depth position (z) for spots in random (x, y) positions for two different wavelengths propagated through 

the fiber bundle (920 nm in red and 1030 nm in blue). 
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Subsequently, designating 𝑃𝑠𝑝𝑜𝑡  as the power needed to efficiently excite a target in the 2P regime (it can be the 

power needed to photostimulate or to image a cell for instance), the total number of targets that can be excited for a 

given 𝑃𝑠𝑎𝑚𝑝𝑙𝑒  is 𝑁𝑠𝑝𝑜𝑡𝑠 =
𝑃𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝑠𝑝𝑜𝑡
, where 𝑃𝑠𝑝𝑜𝑡  depends on the pulse duration. Calling 𝑃𝑠𝑝𝑜𝑡_0 the power needed to 

excite a target when the pulse duration is τ0, we obtain 𝑃𝑠𝑝𝑜𝑡 = 𝑃𝑠𝑝𝑜𝑡_0 ⋅ (
τ

τ0
)

1/2

and 𝑁𝑠𝑝𝑜𝑡𝑠 =
𝑃𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝑠𝑝𝑜𝑡_0
 (

τ0

τ
)

1/2

. 

To introduce the effects of the pulse broadening, we can also define an effective power at the sample plane: 𝑃𝑒𝑓𝑓 =

𝑃𝑠𝑎𝑚𝑝𝑙𝑒 ⋅ (
τ0

τ
)

1/2

. The total number of excitable targets is then proportional to 𝑃𝑒𝑓𝑓. By combining this expression with 

equation (1), we obtain the dependence between 𝑃𝑒𝑓𝑓  and 𝑁𝐴𝑜𝑏𝑗: 

𝑃𝑒𝑓𝑓 = 𝑃𝑙𝑎𝑠𝑒𝑟 ⋅ 𝑇𝑡𝑜𝑡𝑎𝑙   (1 +
 K⋅ 𝑃𝑙𝑎𝑠𝑒𝑟⋅𝑇𝑓𝑖𝑏𝑒𝑟 

τ0
⋅ (

𝑁𝐴𝑓𝑖𝑏𝑒𝑟

𝑁𝐴𝑜𝑏𝑗
⋅

 ϕ𝑐𝑜𝑟𝑒

ϕ𝑠𝑎𝑚𝑝𝑙𝑒
)

2

)

−1/2

(2). 

 

In fig. 6, we plot the effective power from Eq. (2) as a function of the objective NA, for different values of 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 , 

obtained either by changing 𝑃𝑙𝑎𝑠𝑒𝑟  (blue curves), or by optimizing the transmission of the system (such as by using a 

higher transmission objective, green curve). The graph assumes ϕ𝑠𝑎𝑚𝑝𝑙𝑒 = 15 µm and considers the parameters of the 

1030 nm laser previously discussed in this manuscript (K = 43.8 fs/mW, τ0 = 160 fs). A similar graph for the 920 nm 

laser is given in Supp. Fig. 3. 

Notably, the choice of the objective NA also defines the achievable FOV (see equation in Methods) (red curve, right 

axis). To change the objective NA does not necessarily involve replacing the objective as it is possible to underfill the 

objective pupil by using a different magnification between the SLM and the objective. 

As illustrated, there exists a clear tradeoff between the effective power at the sample plane, which increases for higher 

objective NAs, and the achievable FOV’s size. In practice, for a fixed 𝑃𝑙𝑎𝑠𝑒𝑟  and ϕ𝑠𝑎𝑚𝑝𝑙𝑒 , increasing 𝑁𝐴𝑜𝑏𝑗 results in 

a greater number of illuminated cores, lowering the power per core. This leads to a decrease of SPM, shorter laser 

Fig. 6: Systems capabilities and comparisons for different objective NAs. Left vertical axis: Calculated output power from the 

excitation objective as a function of the effective objective NA, for the objective used in this work (with 50% transmission) and an 

incident wavelength of 1030 nm at a repetition rate of 10MHz. Three different laser powers at the fiber bundle entrance are considered: 

0.5 W (dashed-dotted blue curve), 2 W (dashed blue curve) and 4 W (solid blue curve), leading to different pulse broadening (200 fs, 

350 fs and 450 fs respectively as indicated on top of each curve) with the corresponding measured axial resolutions. The green curve 

represents the maximal Peff that can be created considering an incident power of 4 W and an 80% transmission objective. Right vertical 

axis (red curve): calculated 2D FOV for different effective objective NAs using a SLM of 1272x1024 pixels. 
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pulse durations and more efficient 2PE. At the same time, a larger 𝑁𝐴𝑜𝑏𝑗 increases the magnification between the SLM 

and the objective pupil, which reduces the maximal FOV at the sample plane, for the same angles produced by the 

SLM. 

The difference among the three blue curves demonstrates that increasing 𝑃𝑠𝑎𝑚𝑝𝑙𝑒  of a given factor by turning up 

𝑃𝑙𝑎𝑠𝑒𝑟  only leads to an increase in 𝑃𝑒𝑓𝑓 of a smaller factor (Supp. Fig. 4). This is due to the fact that as the power per 

core increases, the 2PE becomes less efficient, especially for lower 𝑁𝐴𝑜𝑏𝑗. However, within the power range consider 

in our analysis, it is still beneficial to increase 𝑃𝑙𝑎𝑠𝑒𝑟 , up to the full 1030 nm laser power (4 W at the fiber entrance) to 

maximize 𝑃𝑒𝑓𝑓 and, consequently, 𝑁𝑠𝑝𝑜𝑡𝑠, even though it comes with a worse axial resolution. Alternatively, it is 

possible to increase 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 by minimizing the losses between the fiber and the sample. In this case, 𝑃𝑒𝑓𝑓 increases by 

the same factor as 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 . For example, with a 0.8 NA excitation objective with 80% transmission (which is a typical 

commercially available objective) and the SLM used here, one could obtain Peff = 370 mW on a FOV of 470 x 470 

µm2 in diameter. 

Another major source of power losses (50%) in our system is introduced by the PBS placed before the SLM. One 

possibility to compensate for this loss is to redirect the deviated beam to the SLM after rotating its polarization as show 

in Supp. Fig. 5a, where we could reach an almost two-fold increase of the total system transmission 𝑇𝑡𝑜𝑡𝑎𝑙  (from 12% 

to 20%). An alternative solution could use a pyramidal 4-faces mirror system53. Because in this configuration the two 

beams illuminate separately the two halves of the SLM54, and therefore of the objective back aperture, the achievable 

FOV is also reduced by the half and is equal to 190x190x200 µm3. Larger FOVs could be reached by using a SLM 

with a higher pixel number.  

4.    Discussion. 
We have demonstrated a simple 2P microscope for multicolor axially confined 3D light patterning that uses a fiber 

bundle and exploits its intrinsic inter-core delay dispersion. A first advantage of using a long and flexible fiber bundle 

is that it makes the setup highly modular. It could for instance allow different optical setups to be coupled to the same 

laser sources, just by displacing the distal end of the fiber, or it could ease the integration of a photostimulation branch 

to an already existing imaging only 2P microscope. 

Previous approaches for 2D or 3D generation of axially confined spots have used one or two SLMs for spot shaping 

and beam multiplexing and a diffraction grating for temporal focusing 25–28,30–32. Here we have demonstrated that, the 

diffraction grating can be replaced with similar light losses (both cases corresponding to 20-40% light loss), by a ∼2-

m fiber bundle. One of the primary advantages of this configuration lies in simplifying the previously proposed 

multiplexed temporally focused light shaping (MTF-LS28) configurations for the generation of three-dimensional 

illumination patterns. Specifically, the use of a fiber bundle, replaces the first SLM and the diffraction grating used in 

MTF-CGH so that one only needs the SLM for 3D light multiplexing28. Notably, this also preserves the flexibility to 

change the size (even if not the shape) of the generated spot, a flexibility that would be lost when using MTF-CGH 

with a fixed phase mask8. Typical photostimulation and neuronal imaging experiments commonly use a round-shaped 

spot, which aligns well the capabilities of this system. 

Our configuration has also advantages with respect to the 3D-SHOT30 configuration, which reaches three-

dimensional light generation by using a single SLM but is tied to the generation of a fixed spot size, as defined by the 

laser's expansion. Moreover, the most recent version of 3D-SHOT31 requires the addition of a rotating diffuser to 

expand the illumination to the size of the SLM, which increases the complexity of the system. 

The spots generated through the fiber bundle at the sample plane present some level of inhomogeneity (see Fig.3). 

This could be due to the differences in group velocity dispersion among different cores, as was experimentally 

demonstrated, especially for high density fibers in Ref.55. Nonetheless, the same type of fiber bundles was already used 

both for imaging43,56 and for photostimulation43 of neurons in freely moving mice. Additionally, spots with inherent 

inhomogeneities, such as those generated by CGH that present speckles, have been employed for both 2P 

photostimulation and voltage imaging35 of neuronal somas. We therefore do not expect the inhomogeneity shown here 

to significantly affect the imaging and/or photostimulation of somas. However, it could pose higher challenges when 

trying to image, with camera detection, smaller compartments of a neuron, such as dendrites or axons. In such a 

situation, the core-to-core inhomogeneities could be mitigated by introducing, for example, a rapid vibration based on 
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a resonant cantilever at the output of the fiber57,58. This strategy would homogenize more the generated spots, at the 

cost of adding complexity to the optical system. 

Apart from the advantage of making the system more compact and straightforward the major benefit of this 

configuration is that it allows for tuning the excitation wavelength or coupling multiple colors simultaneously without 

modifications to the optical system41,42. The use of a grating, in fact, requires adjusting the angle of incidence or exit 

for each wavelength, and for multicolor excitation, it would necessitate the use of two gratings and therefore two 

distinct optical paths and multiplexing SLMs. On the contrary, in our configuration, beams of different colors can be 

coupled into the same fiber bundle without being deflected, thus enabling using a single multiplexing SLM without 

beam path readjustment.  

We have shown that, multicolor excitation of even the same targets can only be done accurately with an appropriate 

phase mask for each wavelength. This can only be achieved by sequential applying the corresponding phase masks, 

with a minimum temporal interval that is dictated by the SLM's refresh time, i.e. 3-16 ms with standard SLMs (refresh 

rates of 300-60 Hz)11. This is not truly a limitation for all experimental configurations in which the temporal dynamics 

of the phenomenon under study is longer than the refresh time. This is the case e.g. when scanless photostimulation is 

combined with scanless Ca2+ imaging given the long (∼80-200 ms) decay time of commonly used calcium indicators59. 

In this case, as the refresh time of the SLM is faster than the decay time of the indicators, one can sequentially switch 

between the photostimulation and imaging to record the effects of the photostimulation. Similarly, for experiments 

designed to analyze the impact on a defined behavior of an alternating sequence of activations and inhibitions, the 

refresh rate of the SLM should not pose a limitation.  

Truly simultaneous two colors projection could otherwise be achieved by adopting the configuration reported in 

Supp. Fig. 5, integrating the variant schematized in Supp. Fig. 5b to control one color at each side of the SLM.  

While the solution presented in this work offers many advantages compared to traditional systems, it also has its 

limitations in terms of maximum power, which is constrained by SPM effects49,52. The resulting pulse broadening has 

a dual detrimental effect on signal loss and axial resolution. Considering that SPM depends on the peak power52, these 

effects are particularly significant for low repetition rate, short pulse lasers, as the 1030 nm laser used here. We have 

observed that for a laser with high repetition rate of 80 MHz and 920nm excitation wavelength, it is possible to couple 

the total laser output power (4W) through the fiber and keep a pulse duration < 200 fs, without significant losses in the 

2PE or the axial resolution. For low repetition rate lasers with comparably short initial pulses (~150 fs), the broadening 

effects are more pronounced, resulting in a pulse of ~400 fs for the highest powers used here. However, such a pulse 

duration remains comparable to the one of higher power laser systems used in conventional holographic optogenetics 

(10-50 W, 500 kHz-10 MHz, 300-400 fs)11,60,61 and will thus be compatible with photostimulation. At the same time, 

it is possible that, for lasers with longer initial pulse durations (400 fs), the pulse broadening effect as a result of SPM, 

might not be as significant as in the case of shorter pulses (100-150 fs), even for the same peak power. It was indeed 

shown in Ref.62 that a pulse that a pulse with larger initial spectral bandwidth (shorter initial pulse duration) is more 

distorted and harder to temporally recompress after propagation through a fiber. This might open the way to the use of 

our setup to even lower repetition rate lasers with longer initial pulses. A complete characterization of SPM with 

different spectral bandwidths and repetition rates will allow more certain conclusions to be drawn. 

 To prove the capabilities of our system, we have estimated the total number of cells that we could target for 

photostimulation of previously reported opsins (ChroMe31 and ChRmine11, WicHR63 and BIPOLE39); for scanless 

voltage imaging using the indicator JEDI-2P35; for scanless calcium imaging using GCaMP633,34. To do that, we have 

compared the Peff given in Fig.6 and Supp. Fig. 3, for an objective with NA=1 and Tobj = 80%, with the power per cell 

used in previous works. The detailed calculation of the maximal numbers of cells that can be targeted in different 

situations is provided in Supp. Table 1. In the case of photostimulation and scanless voltage imaging, by using the 

1030 nm laser at 10 MHz, our system could already efficiently excite ~ 10 to 30 cells. For scanless calcium imaging, 

by using the 920 nm laser at 80 MHz, similar calculations show that we could target several tens, up to ~ 140 cells.  

These numbers of achievable targets are compatible with a wide range of applications. They can be applied, e.g., to 

study how the activation of a portion or the entirety of a specific cell assembly, or even just a single hub neuron15, can 

impact the circuit dynamics or to perform high-throughput intra and inter-layer connectivity mapping16–19. For 

applications where, higher total power or a greater number of achievable targets are required11, it becomes imperative 
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to conduct a thorough assessment of signal losses, axial resolution, and attainable output power for evaluating the 

benefit of using this approach compared to more traditional configurations. 

5.    Conclusions 
In this study, we developed and characterized a novel fiber-based optical configuration to generate multiple axially 

confined illumination spots within a 2D and 3D volume using the intrinsic inter-core delay dispersion of the fiber 

bundles. 

This configuration has two main advantages with respect to conventional optical system for multi temporal focusing 

light shaping, which is its simplicity and capability for multicolor excitation using a single beam path. 

Despite the power per core limitation caused by SPM, we showed that the system should be already compatible with 

the photostimulation of few tens of cells (< 30) on a lateral FOV of 470 x 470 µm2 by using commercially available 

objectives and SLMs.  

We believe that the current system will be a suitable and simple alternative in all the situations in which very large 

number of photostimulated cells are not needed, or in experiments requiring to project extended 2PE spots with two 

different colors.  
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Supplementary Figure 1 

 

 

Supplementary Figure 2 

 

 

 
 
 
 
 
 
 
 
 
 
 

Supp. Fig. 2: Lateral profile of multiple spots multiplexed in a 3D volume with the SLM through a fiber bundle. 

Characterization of the lateral profiles for different spots created with the laser at 1030 nm (left) and the laser at 920 nm (right) at 

different depths (Z positions) throughout the entire FOV in Fig. 5. The average lateral profile for these spots is shown in solid blue 

line with FWHM = 14.8 µm (for the 1030 nm laser) and FWHM = 13.9 µm (for the 920 nm laser). 

 

 

Supp. Fig. 1: Dependence of the pulse broadening when using high peak power per core. Measured pulse durations for 

both lasers (red dots for 1030 nm laser and orange dots for the 920 nm laser) when using different peak power per core (Ppeak). 

Linear fit for the measurements of each laser (𝜏 = m ⋅ Ppeak + 𝜏0) shows a similar dependence on the pulse broadening with the 

peak powers (m = 66 fs/kW for low repetition rate laser, light green curve and m = 81 fs/kW for high repetition rate laser, 

dark green curve). The use of a low repetition rate laser presents a higher peak power per core compared to the use of a high 

repetition rate laser. 
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Supplementary Figure 3 
 

 

 
Supplementary Figure 4 

 

 

 
 
 
 
 

Supp. Fig. 4: Dependence between Peff and Psample with Plaser. Due to pulse broadening when using high power per core, the 2PE 

becomes less efficient so that a different factor of dependence is obtained between Psample and Plaser (curve in blue) compared to Peff and 

Plaser (curve in red). Even though, it is shown that is advantageous to use the maximal laser power to maximize Peff. 

 

 

Supp. Fig. 3: Systems capabilities and comparisons for different objective NAs. Left vertical axis (green curve): Calculated Peff 

at the sample plane considering an incident power of 4 W and an 80% transmission objective as a function of the effective objective 

NA, for an incident wavelength of 920 nm at a repetition rate of 80 MHz. Right vertical axis (red curve): calculated 2D FOV for different 

effective objective NAs using a SLM of 1272x1024 pixels. 

 

 



195 
 

Supplementary Figure 5 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 

Supp. Fig. 5: Second approach of experimental setup for a multicolour 3D light-patterning 2P microscope. a) The lasers 

illuminate the fiber bundle as in Fig. 1. In this configuration, a telescope is used to match the beam with one half (right side) of the 

SLM (f2 = 300 mm and f3 = 600 mm). We use a 4f 1:1 system (two times fSLM = 500 mm) with a quarter-wave plate λ/4 

(AQWP10M-1030, Thorlabs) to rotate 90 degrees the light polarization and illuminate the other half of the SLM (left side). Finally, 

another telescope is used to match the size of the objective pupil (x20 NA = 1) with lenses (f4 = 400 mm and f5 = 1000 mm). b) 

Inset of a) to perform dual color 3D light targeting simultaneously by separating the two colors (color A and B) to polarized them 

with vertical (V) and horizontal (H) linear polarizations and recombining them to illuminate the SLM, which displays a single-phase 

mask. c) FWHM of the axial profiles of the distributed in a 3D FOV of 210x210x200 µm3 in function of the depth position (z) for 

spots in random (x, y) positions when using 4W to illuminate the fiber bundle (8 mW/core). Red: quadratic fit of the measured 

resolutions and in blue of the measured FWHMs in Fig. 5c. 
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Supplementary Table 1 
 

(1) Opsins/ 

indicators 

(2) Laser 

(fREF,τREF, 𝜆𝑅𝐸𝐹) 

reference 

(3) Power 

per cell 

(Pcell
REF), 

reference 

(4) Laser (f, 

τ, 𝜆) current 

system 

(5) Power 

per cell 

current 

system 

(𝑃cell ) 

(6) 

Number 

of cells 

(𝑁𝑐𝑒𝑙𝑙) 

ChRmine31 2 MHz, 350 fs, 

1030 nm 

10 mW 10 MHz, 150 

fs, 1030 nm 

14.6 mW 31 

ChroMe31 2 MHz, 350 fs, 

1030 nm 

25 mW 10 MHz, 150 

fs, 1030 nm 

36.5 mW 12 

WicHR63 0.5 MHz, 300 

fs, 1030 nm 

7-8 mW 10 MHz, 150 

fs, 1030 nm 

22-25 mW 18-20 

JEDI-2P35 0.25 MHz, 100 

fs, 940 nm 

2.5-5 mW 10 MHz, 150 

fs, 1030 nm 

19-38 mW 12-24 

GCaMP633,34 80 MHZ, 140 

fs, 920 nm 

5-30 mW  80 MHz, 120 

fs, 920 nm 

4.6-27.8 mW 24-143 

 
Supp. table 1. Estimation of the number of cells that could be targeted with the current system, based on previously published works. Column (1) 

lists the opsins and indicators considered, together with the reference to the corresponding works. Column (2) gives the properties of the lasers used 

in the reference works, particularly the pulse duration τREF, the repetition rate fREF and the central wavelength 𝜆𝑅𝐸𝐹. Column (3) indicates the power 

per cell at the sample plane used in the reference works (Pcell
REF). Column (4) lists the parameters of the lasers used in the current manuscript. To 

match the excitation wavelengths of the reference works we have considered to use the 1030 nm laser with effective pulse duration of τ = 150fs, 

and repetition rate f = 10 MHz for the first 4 lines in the table, and the 920 nm laser with effective pulse duration of τ = 120fs, and repetition rate 

f = 80 MHz for the last line. In column (5) we estimate the power per cell that we would need with our 1030 nm laser for the first 4 lines and 920 

nm laser for the last line to produce the same 2P excitation as with the powers per cell and lasers parameters listed in column (2) and (3). This can 

be derived as follows: 𝑃cell  =  Pcell
REF ⋅ √

τ ⋅f 

τREF⋅ fREF
. In column (6) we give the total number of cells 𝑁𝑐𝑒𝑙𝑙 that could be simultaneously targeted with 

our system when considering an 80% transmission excitation objective (NA = 0.8) and using a total effective power at the sample plane 𝑃𝑒𝑓𝑓 ≈ 450 

mW in the case of the first 4 lines (related to Fig. 6) and 𝑃𝑒𝑓𝑓 ≈ 660 mW in the case of the last line (related to Supp. Fig. 3). This number can be 

derived as follows: 

𝑁𝑐𝑒𝑙𝑙 =  
𝑃𝑒𝑓𝑓 

𝑃cell 

=  
𝑃𝑒𝑓𝑓 

Pcell
REF  √

τREF fREF

τ f 
 

 

C.2.2 Details on the system for multicolor 3D light-patterning using a fiber bundle 

To perform 3D light targeting with a SLM and CGH, a custom-designed software, 

Wavefront V, was utilized to display into the SLM screen the desired phase mask, previously 

calculated in function of the desired light pattern, into the sample plane. The software is based on 

a Fourier-based iterative algorithm (GS algorithm, Gerchberg, 1971) that calculates and displays 

into the SLM the phase mask necessary to modify the wavefront of the beam. The calculated phase 

[0-2π] value for each pixel is displayed by applying an input voltage to each pixel of the SLM (Lutz 

et al., 2008). In figure 35, the main view of the software is shown, where the green circle represents 

the maximal (x, y) FOV. Within this FOV, it is possible to define the (x, y, z) positions for the 

targeted spots (yellow squares) to be generate in the sample plane. Once the targets are displayed 

in the software, a phase mask is calculated and sent to the SLM (calculated phase mask in figure 
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35). Depending on the illuminated area on the SLM, the phase mask can be displayed into the entire 

SLM or in a small and specific region, allowing for the generation of multiples phase masks to be 

displayed in different areas of the SLM. The software can also calculate, in function of the optical 

path used, the diffraction efficiency of the SLM within the FOV so that a correction mask can be 

used to correct for this effect. The software also offers other features such as Zernike polynomials 

to correct for optical aberrations and the incorporation of cylindrical lenses (introduced in section 

A.4.2, figure 8) into the calculated phase mask displayed into the SLM. 

 

Figure 35. View of Wavefront V software (left), which is use to display the calculated phase mask 

(top right) into the SLM screen. The phase mask corresponds to the desired targets at any (x, y, z) 

positions in the sample plane within the maximal FOV. 

C.3 Discussion and future perspectives 

In our study, we introduced a new 2P microscope configuration tailored for multicolor 3D 

light patterning. Our approach is based on a fiber bundle and exploits its inherent ICDD to achieve 

precise axial confinement of targeted spots. 

Beyond its benefits in terms of compactness and simplicity, our configuration stands out 

for its ability to tune the excitation wavelength or accommodate multiple colors simultaneously 

without requiring alterations to the optical system, as is common in traditional methods using a 
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diffraction grating (Lien et al., 2017; Cheng et al., 2020). However, the SLM still remains a 

wavelength dependent element in the system and different phase masks need to be generated 

sequentially to control each wavelength. This imposes a minimum temporal delay of 3 - 16 ms 

(SLM refresh time) between the generation of two consecutives phase masks (Marshel et al., 2019). 

While this may impose limitations for applications that demand the simultaneous projection of two 

colors (Vierock et al., 2021), it is worth noting that it is not a constraint in experimental 

configurations with response times longer than the SLM's refreshing time, such as in scanless 

photostimulation combined with scanless Ca2+ imaging (Forli et al., 2018), bidirectional control of 

neuronal activity through dual-color activation and inhibition of the same or different neurons 

(Erbguth et al., 2012; Forli et al., 2018) or single color scanless illumination with a tunable laser. 

To achieve simultaneous two-color projection, we proposed (see Publication, Supp. fig. 4) a 

strategy in which each color illuminates a different region of the SLM. 

An alternative solution for simultaneous dual-color could be the use of new phase mask 

calculation algorithms that enable the SLM to simultaneously modulate two different lasers at 

different wavelengths with a single phase mask (figure 36) (Jesacher, Bernet and Ritsch-Marte, 

2014b, 2014a; Shechtman et al., 2016). This was achieved through an algorithm that optimizes the 

modulation of two different visible wavelengths at 459 and 699 nm into a single phase mask, with 

a minimal deviation to the real phase mask needed for each wavelength independently. However, 

the implementation of this phase calculation has certain limitations, such as the range of phase 

modulation that it can accept. Indeed, this approach relies on finding voltages values for the SLM´s 

pixels that can generated sufficient phase delays for the different wavelengths used. If the phase 

range at visible wavelengths can go up to 10π at 400 nm or 4.2π at 700 nm, for infrared wavelengths 

this modulation is currently limited to ~2π, which could be insufficient for the algorithm to 

simultaneously modulate two infrared wavelengths. Another challenge is the need of the algorithm 

of using two wavelengths that are spectrally well-separated, as the approach depends on finding 

voltage values that results in significantly different phase delays for the different wavelengths. 
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Figure 36. Encoding multicolor phase modulation into the SLM. A. A SLM pixel's phase response 

as a function of input voltage for two visible wavelengths: 559 nm (green) and 699 nm (red). The 

dotted lines show unwrapped phases. B. Input ‘red–green’ SLM voltage pattern (8 bit). C. Two 

fluorescent microspheres (red and green) imaged with the SLM off. Scale bar, 5 µm. D. The same 

two microspheres imaged with the pattern in B on. Adapted from (Shechtman et al., 2016). 

While this system has been tested with 2P excitation, its adaptability for 3P excitation lasers 

operating at different wavelengths, such as 1300 nm and 1700 nm, through a fiber bundle, can lead 

to several application in optogenetics. In this scenario, it is important to characterize the pulse 

duration properties after the fiber bundle, as the peak power for typical 3P excitation lasers (50 fs 

pulse duration, 1 - 2 MHz repetition rate, 2 - 3 W output power) could reach a factor 2 - 5 times 

higher than the pulse energy (0.8 nJ/core) tested in this project (150 fs pulse duration, 10 MHz 

repetition rate, 4 W output power). Experimental demonstrations in fibers have been already 

performed using low pulse duration lasers at 800 nm (Kalashyan et al., 2012). In the investigation, 

1 nJ of pulse energy have been transmitted through the fiber and temporally compressed to achieve 

29 fs of pulse duration after the fiber by using a grism-pair (grating + prim pair), which is placed 
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before the fiber to stretch the pulse by compensating for second and third order of dispersion. And 

even by using higher energy levels of 2.5 nJ, small pulse duration of 50 fs was obtained at the 

output of the fiber. 

Finally, the main limitation of this system lies in its maximum power usability due to the 

SPM constraint, which limits the maximum number of achievable targets. This limitation becomes 

notable when using low repetition rate lasers or high-power lasers (10 - 50 W, 500 kHz-10 MHz, 

300-400 fs) (Marshel et al., 2019; Sridharan et al., 2022). A characterization of these lasers through 

fiber bundles, where the initial pulse duration is higher than the ones used in this project, would 

provide information into pulse broadening effects under these conditions. If in our work we studied 

two lasers at different wavelengths and repetition rates, the pulse duration was similar between 

both lasers (130 fs and 150 fs), which did not provide any information in the SPM effects of the 

fiber bundle with different pulse duration lasers. 

Future developments in fiber bundles, particularly those with small core sizes and smaller 

fiber bundle NAs, have the potential to increase the maximal power per core that can be transmitted 

in the system. This advancement would be highly advantageous as it could help reduce the 

detrimental effects of nonlinear phenomena such as SPM, thus allowing for the simultaneous 

generation of more targets. Combining this capability with the ability for 3D light targeting of 

multiple colors (wavelengths) and the overall simplicity of the system would make it even more 

advantageous for various applications in neuroscience, such as circuit dynamics studies and 

connectivity mapping. 
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D. General conclusion and future outlook 

This PhD thesis aimed to develop and characterize new advanced techniques for 2P all-

optical studies using fiber bundles. In this work, two new and distinct, yet interrelated, approaches 

were presented, each addressing challenges in the fields of 2P all-optical studies and optogenetics. 

The common ingredient of all these approaches is what we called inter-core delay dispersion, or in 

other words, the fact that the fiber bundle decomposes in time an ultrafast laser pulse travelling 

through multiple cores, which can be used to maintain single cell-axial resolution for extended 

excitation spots that have been used for both 2P imaging and 2P holographic photostimulation. 

(1) A 2P fiberscope for all-optical studies in freely moving mice with single-cell axial 

resolution. While current systems offer the possibility to perform imaging with subcellular 

resolution in freely moving mice, only a few configurations are capable of combined imaging and 

optogenetic photostimulation. The primary focus on this thesis was the development of the first 

fiberscope, 2P-FENDO, capable of performing 2P calcium imaging and 2P holographic 

photostimulation in freely moving mice. The use of fiber bundles and their inherent ICDD, 

demonstrated in these fibers, allowed for fast neuronal activity recordings, at 20Hz, and high-

resolution optogenetics photostimulation at brain depths of up to 160 µm, leading to the most 

important publication during my PhD. Additionally, we showed that new optical improvements, 

still ongoing in the lab, have already greatly improved the size of the accessible 2P-FENDO FOV 

to up to 550 µm in diameter, representing one of the largest FOVs so far achieved in the 2P regime 

in freely moving mice. Future technological developments of 2P-FENDO will likely lead to even 

larger volumetric FOVs, in deeper brain regions through endoscopy, and higher acquisition rates. 

2P-FENDO holds the potential to record and manipulate neuronal activity in different brain regions 

with single-cell resolution, enabling the study of behaviors related to orientation, navigation, 

complex motor tasks, and social interaction, among others. Especially with the larger FOV now 

available, as shown in the last part of chapter 2, 2P-FENDO is capable of imaging ~ 100 neurons 

and stimulating > 20 neurons in freely moving mice, capabilities that already match what is 

typically done in all-optical experiments in head fixed mice. 

(2) A simple 2P multicolor microscope for 3D light targeting. This strategy offers a 

simplified alternative to typical 3D scanless light targeting systems with TF by substituting the 

diffraction grating with a fiber bundle. This approach enables to couple multiple laser wavelengths 
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in the same path to achieve 3D light patterning with a single SLM. I have showed through 

simulations that this property derives from the random phase that is imprinted by the propagation 

through multiple cores of the fiber bundle. We conducted a characterization of SPM effects in the 

fiber bundles to find the values for which the power per core does not considerably enlarge the 

laser pulse duration. These measurements were then use to derived the system’s capabilities in 

terms of maximum FOV, which is limited by the SLM used and the excitation objective, and the 

maximum power at the sample plane, that depends on the fiber bundle and the excitation objective. 

This analysis points to a tradeoff between the maximal FOV and the maximal power. For instance, 

larger objectives NAs increase the available power while the accessible FOV decreases. Despite 

this, combination of these values were found showing that this strategy can generate a sufficient 

number of spots with single-cell axial size in a large 3D volume. This versatile system can be used 

in essential experiments, including dual-color imaging and photostimulation, as well as dual-color 

activation and inhibition of individual neurons. 

In conclusion, these projects collectively represent significant strides toward creating more 

precise and flexible advanced optical tools for 2P all-optical optogenetics experiments in the quest 

to deeper understand neuronal circuits with specific patterns and their relationship to animal 

behavior. These optical developments, among others, would propelled optogenetics into a new 

dimension in combination with recent progresses in the engineering of genetic actuators and 

reporters and multiphoton excitation microscopy with various illumination strategies. 

 


