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ABSTRACT 
 

 

The anatomical and functional organization of the motor cortex and its role in 

forelimb movement control were deeply investigated over the past years. 

Extensive research showed two spatially segregated functional areas related to 

forelimb control: the caudal forelimb area (CFA) and the rostral forelimb area 

(RFA). Many studies suggest that these two areas are a part of a highly integrated 

computational unit with distinct motor functions. Recently, optogenetic motor 

mapping revealed that distinct complex movements are related to segregated 

cortical functional modules. Although studying optogenetically-evoked behaviors 

already provides a powerful way to investigate the neuronal pathways related to 

motor output, decoding the functional engagement and interdependence of cortical 

motor circuits are still two largely unexplored field. The “all-optical” interrogation 

of neuronal circuits constitute a successful strategy to causally dissect the 

functional organization of the motor cortex, since it combines optogenetics and 

optical indicators to simultaneously record and manipulate the activity of selected 

neuronal populations using light.  

During my Ph.D., I contributed to develop a one-photon all-optical strategy to 

causally investigate the neuronal activity patterns in RFA and CFA driving 

optogenetically-evoked complex movements in awake head-fixed mice. To this 

aim, we first examined four different red-shifted Genetically Encoded Calcium 

Indicator (GECI) , identifying jRCaMP1a as the best indicator for detecting in vivo 

neuronal activity on multiple cortical areas simultaneously. Then, we combined 

the widely used blue-sensitive opsin, ChannelRhodopsin2 (ChR2) with jRCaMP1a 

for detecting in vivo large-scale stimulated cortical dynamics. Once we 

demonstrated that our one-photon all-optical approach was cross-activation free, 

we exploited it to causally investigate RFA and CFA cortical activity patterns 

associated with two optogenetically-evoked complex movements, the grasp-like 

and the locomotion-like movement. We showed stereotyped and reproducible 
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II 

 

spatiotemporal propagation patterns of calcium dynamics per movement category 

highlighting a direct contribution of defined patterns to complex movement 

execution. Furthermore, we demonstrated that movement-specific cortical activity 

maps were bounded on discrete function modules centred on the related light-based 

motor maps, providing clear evidence of their independent functional organization. 

Importantly, the visualization of the cortical activity elicited by optogenetic 

stimulation allowed us to identify a third cortical functional module evoking grasp, 

which is characterized by segregated large-scale cortical dynamics. We named it 

Lateral Forelimb Area (LFA).  

In conclusion, our one-photon large-scale all-optical system led to a robust 

classification of the connectivity, independence, and hierarchy of three functional 

cortical regions involved in performing evoked complex movements. The results 

obtained during my Ph.D. provide important insights on the physiological interplay 

of brain activity and motor control which could be further applied to the 

investigation of the altered cortical activity patterns in pathological conditions. 
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1.1. Deconstruction of cortical circuits 
involved in the control of forelimb 
complex movements 

 

 

For decades, motor cortex organization and its role in motor control were intensely 

studied. The earliest evidence that different regions of the cerebral cortex are 

associated with specific functions was provided by Fritsch and Hitzig in 1870. 

They found that electrical stimulation of selected regions of the frontal cortex of 

dogs produced different types of movement, highlighting the role of the motor 

cortex in movement generation (Gross 2007; Hagner 2012). Further studies 

discovered that rodent motor cortex shows consistent topographic representations 

of defined classes of ethologically relevant forelimb-forepaw movements, such as 

grasp-like movements or forelimb abduction, adduction, extension, retraction and 

elevation (Bonazzi et al. 2013; Donoghue and Wise 1982; Tennant et al. 2011).  

To understand how the motor cortex controls forelimb movement, it is first 

essential to clarify the anatomical and functional organization of the motor cortex. 

Anatomically, two distinct motor areas involved in forelimb control were 

identified in the frontal lobe, the primary (M1) and secondary (M2) motor cortices 

(Suter and Shepherd 2015) (fig1.1a). Both regions are activated during skilled 

voluntary movements and their activity is related to defined levels of movement 

control: from the force needed for a given movement to the integration of sensory 

feedback (Omrani et al. 2017; Saiki et al. 2014).  M1 and M2 are arranged in a 

hierarchical premotor-motor organization in which the role of M1 is processing 

concrete motor information and M2 is indirectly involved in movement 

modulation through the primary motor cortex, such as enabling adaptive choice 

behavior and linking sensory information to motor actions (Wang et al. 2017; 

Barthas and Kwan 2017). It should be noted that the same cortical regions may be 
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named differently across the literature. This condition may lead to conflicting 

naming schemes, confusing the correspondence between primate and rodent motor 

areas (Ebbesen et al. 2018). Accordingly, M2 has also been named vibrissae 

primary motor cortex (vM1), frontal orienting field (FOF) or agranular media area 

(AGm) and is thought to be homologous to the primate premotor cortex (PM), 

while M1 also known as agranular lateral area (AGl) is homologous to the primate 

M1 (Soma et al. 2017; Brecht 2011; Barthas and Kwan 2017). 

An alternative representation model of the motor cortex is based on its functional 

organization. Indeed, the principal body parts of the rodents (forelimb, face and 

hindlimb) are functionally represented in segregate cortical locations within the 

motor cortex (Donoghue and Sanes 1988). Based on this criterion, extensive 

research during the last decades showed two distinct forelimb functional areas, a 

large caudal forelimb area (CFA) and a smaller rostral forelimb area (RFA), which 

are spatially separated by topographical representations of other body parts such 

as trunk, neck and vibrissa (fig1.1b) (Tennant et al. 2011; Ebbesen et al. 2018). 

Although RFA is thought to be an equivalent of the primate PM and CFA is 

believed to correspond to the primate M1 (Ebbesen et al. 2018; Hira et al. 2013), 

many studies suggest that these two areas are a part of a highly integrated 

computational unit with distinct motor functions rather than a hierarchical 

premotor-motor organization (Brown and Teskey 2014; Ebbesen et al. 2018). 

Regardless of their hierarchical status, RFA and CFA are highly involved in the 

control of complex forelimb movements. The refinement of motor mapping 

technologies over the years helped to clarify their functional organization, 

originally investigated with ex vivo anatomical tract tracing approaches (Wang et 

al. 2017). Intracortical microstimulation (ICMS) and surface stimulation with 

electrode arrays were used to generate or alter motor output pathways (Hosp et al. 

2008; Tennant et al. 2011; Mansoori et al. 2014). Interestingly, a variety of 

different forelimb movements can be elicited by ICMS of rostral and caudal 

forelimb areas, revealing a somatotopic organization of movements cortical 

representation (fig1.1c) (Brown and Teskey 2014). Typically, long-duration ICMS  
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(500ms continuous stimuli) elicit reproducible highly cooperative movements, 

while short-train stimulations (50ms) evoke brief muscle twitches (Ramanathan  et 

al. 2006; Brown and Teskey 2014; Young et al. 2012; Graziano, et al. 2002). More 

in detail, long-duration ICMS elicits muscle contraction involving multiple joints, 

leading to complex movements (Brown and Teskey 2014; Bonazzi et al. 2013). 

Forelimb- grasping (paw into a grip posture and move to the mouth), retraction, 

advance or elevation, all belong to this class of movements (fig1.1c) (Brown and 

Teskey 2014; Ramanathan et al. 2006). Interestingly, complex movements motor 

mapping using long-duration ICMS revealed that grasping-movement is an 

exclusive consequence to the RFA stimulation. On the contrary, retraction, 

advance, or elevation are only elicited by CFA stimulation, highlighting a strong 

segregation of cortical forelimb representation (fig1.1c) (Brown and Teskey 2014; 

Singleton 2014). Although there is evidence of a non-localization of grasp 

movements during development, complex movements cortical representations do 

not change after motor learning in adult rodents suggesting a consistent and stable 

functional organization of the motor cortex in adulthood (Ramanathan et al. 2006; 

Brown and Teskey 2014; Singleton 2014). Previous findings suggested that the 

RFA and CFA are characterized by two independent circuits which lead to 

different motor outputs (Brown and Teskey 2014; Karl and Whishaw 2013). This 

idea was further supported by many studies showing that the output layers of these 

two areas have independent descending corticospinal projections originating from 

a subtype of pyramidal tract (PT) neurons, named corticospinal motor neurons 

(CSN) and mainly localized in layer 5, which send direct projections to the 

contralateral spinal cord (fig1.1d) (Harris and Shepherd 2015; Baker et al. 2018; 

Economo et al. 2018). Interestingly, CSNs were also found as a small, 

circumscribed cluster in a third area in the secondary somatosensory cortex, which 

has been named PL-CFA (fig1.1d) (Wang et al. 2017; Wise et al. 1979). Depending 

on the cortical region (RFA, CFA or PL-CFA), CSNs have distinct and parallel 

spinal cord projections that engage premotor neurons of different muscle groups.  

Consequently, they  are  activated  during  separate  phases  of  voluntary 
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Figure 1.1: Organization of rodent frontal cortex. (a) Schematics anatomical locations 

of M1 and M2. Adapted with permission from (Suter and Shepherd 2015).  (b) RFA and 

CFA representation evoked by microstimulation. The black dot indicates bregma. Adapted 

with permission from (Ebbesen et al. 2018). (c) Representative complex movement cortical 

representation evoked by long-duration ICMS. Individual movements are showed in 

different colours. Adapted with permission from (Brown and Teskey 2014). (d) Heatmap 

of CSNs cortical distribution. The crosses show the two CSNs centres of mass with their 

respective coordinates in black. Bregma indicated by black dot. Adapted with permission 

from (Wang et al. 2017).   
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movements. For instance, in the reach-to-grasp movement CFA-CSNs control 

reaching and RFA-CSNs control grasping (Wang et al. 2017). This result further 

confirmed the strong spatial segregation of the cortical forelimb representation 

according to the functions and the positions of the muscles, providing direct 

evidence of a dual system with parallel features (Wang et al. 2017). Interestingly, 

PL-CFA CSNs mainly overlap with the RFA-CSNs premotor neurons in the spinal 

cord (Wang et al. 2017).  However, how and if reciprocal cortical connections are 

required for coordinating complex movements remain a crucial question. Tracking 

of the asymmetrical functional connections between rodent CFA and RFA was 

achieved by anatomical tracing in combination with stimulation techniques and 

electrical recordings. These studies show that RFA receives strong functional 

projections from layer 2/3 and layer 5a (L5a) of the CFA while CFA receives 

strong projections from L5b neurons of the RFA (Hira et al. 2013; Kunori and 

Takashima 2016). These cortico-cortical pathways are involved in the transmission 

of forelimb-related sensory inputs, which seem to be firstly processed by the CFA 

(Kunori and Takashima 2016). Moreover, similarly to premotor areas, RFA 

produces strong modulation of CFA output (Deffeyes et al. 2015). Nevertheless, it 

should be noted that when rodents participate in voluntary forelimb movements 

the functional activity (task-related) in CFA- and RFA-neurons is similar, 

highlighting that the RFA neuron repertoire is functionally correspondent to the 

CFA neuron repertoire (Hira et al. 2013; Saiki et al. 2014). 

Different loss-of-function strategies were applied to further determine the 

modulatory impact of RFA or CFA on motor outputs and consequently reveal 

whether forelimb complex movements depend on activation of one or both these 

two areas. The unilateral lesion, pharmacological inactivation, cooling 

deactivation, or optogenetic silencing of rodent motor cortex, all result in a loss of 

movement-evoked cortical representations (Morandell and Huber 2017; Boychuk, 

et al. 2011). With these tools, researchers showed that simultaneous inactivation 

of RFA and CFA leads to a deficit in movement execution (Morandell and Huber 

2017; Kimura et al. 2017). Interestingly, CFA unilateral inactivation did not  
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significantly alter the performance of grasping in a task-related movement. 

Conversely, the inactivation of the RFA alone strongly inhibited task performance, 

suggesting that RFA plays a crucial role in forelimb movement initiation (Kimura 

et al. 2017; Brown and Teskey 2014). This finding stands out from other studies 

which showed that unilateral inhibition of either RFA or CFA led to a deficit in 

task-related or evoked-movements (Hira et al. 2013; Harrison et al. 2012). Other 

controversial studies suggested that movement execution deficits were specific to 

CFA inactivation, thus implying that RFA would not be able to evoke movements 

in absence of normal CFA (Morandell and Huber 2017). These contrasting results 

may be partially due to (i) the different approaches for inducing loss-of-function, 

(ii) the severity of the injury, (iii) the large size of the CFA which could prevent 

full coverage by the inhibitor. Moreover, it is not yet clear if these alterations are 

due to a loss of motor control, loss of muscle tone, or sensory feedback changes. 

Interestingly, silencing CFA / RFA neighbouring areas (like barrel cortex or 

posterior parietal cortex) did not result in motor execution deficits (Morandell and 

Huber 2017).  

In conclusion, CFA and RFA are both critically involved in controlling movements 

and intracortical connections between these areas play crucial roles in complex 

forelimb movement generation. Nevertheless, to what extent CFA and RFA are 

necessary for movement selection and execution is still a crucial question. An 

indispensable tool to unravel this issue is optogenetics, that exploits light to 

manipulate specific neuronal populations. Indeed, optogenetic motor mapping is a 

minimally invasive approach that can be successfully used to investigate cortical 

connections between RFA and CFA and consequently to understand their 

coordination during movements.  
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1.2. Optogenetics: A novel optical tool 
for functional mapping of motor 
cortex 

 

 
Functional mapping of the motor cortex requires associating a defined motor 

output pathway to a specific cortical stimulus. Traditionally, electrode-based 

methods (ICMS and surface stimulation with electrode arrays) have been used to 

manipulate neuronal circuits. Despite being extensively employed, electrical 

stimulation is not precise enough to target neuronal subpopulations, additionally, 

it requires invasive surgery making long-term experiments difficult (Ayling et al. 

2009; Harrison et al. 2012). 

In the last decade, it has become possible to stimulate neurons over large portions 

of the cortex using less-invasive techniques based on light (Ayling et al. 2009). 

Indeed, under appropriate conditions, neuronal circuit activation can be triggered 

by light, with the advantage of manipulating only defined neuronal populations 

and without the need for a craniotomy (Silasi et al. 2013; Watanabe et al. 2020). 

Therefore, optogenetics is becoming the gold standard for circuit manipulation in 

living organisms.  

Optogenetics exploits genetically encoded proteins called opsins to control the 

activity of targeted cell populations by light. Opsins are a group of light-activated 

transmembrane proteins of both microbial and animal derivation, which are 

categorized according to biophysical properties in ion channels, pumps, and G-

protein coupled receptors (Kalanithi and Purger 2017; Eickelbeck et al. 2018). 

Over the last years, bioengineering efforts have made it possible to expand the 

variety of available opsins allowing different electrochemical responses of the 

same neuronal circuits, which can now be excited or silenced simply by adjusting 

the light wavelength applied. The most common opsin used to excite neurons is 

the blue light-activated nonspecific cation channel Channelrhodopsins 2 (ChR2, 
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470 nm spectral peak), which is permeable to mono- (Na+, K+, H+) and divalent 

cations (Ca2+). Channelrhodopsins 2 was the first opsin discovered from the 

unicellular alga Chalmydomonas reinhardtii by Georg Nagel and colleagues in 

2003 (Eickelbeck et al. 2018; Lin 2011). In parallel, the yellow light-activated 

anion channel named Halorhodopsin (NpHR, 590nm spectral peak), from 

Natronomonas pharaonis, is the opsin widely used to silence excitable cells 

(Raimondo et al. 2012). 

Optogenetic actuators have subsequently been engineered to optimize selected 

properties like activation and deactivation kinetics leading to faster, slower, or step 

function opsins that best meet the increasing experimental requirements. Based on 

those criteria, many studies during the last decade used a humanized version of 

ChR2, namely ChR2(H134R), which entails a single point mutation at position 

H134 (Lin 2011). It is characterized by (i) a modest reduction in desensitization, 

(ii) a slower channel closing rate, and (iii) a slight increase in light sensitivity than 

the wild-type (wt) ChR2. These properties allow generating larger photocurrents, 

but the slower kinetics lead to a less temporally precise indicator than ChR2(wt) 

(Nagel et al. 2005; Berndt et al. 2011). Moreover, the development of color-tuned 

chimeras opened the way to multiwavelength optogenetics, that is the 

simultaneous use of optogenetic actuators with a minimal spectral overlap in the 

living brain (Prigge et al. 2012; Zhang et al. 2007). The first red-shifted opsin was 

VChR1 (with maximum absorption at 535nm), from which C1V1 was derived 

(Guru et al. 2015).  Chronos (500nm) and Chrimson (590nm) were derived from 

ChR2 (Klapoetke et al. 2014). Although long-wavelength sensitive opsins allow a 

less-invasive light delivery due to a reduced scattering and a deeper penetration 

into scattering tissue, they exhibit some residual absorption of blue light which 

does not make them optimal for a multimodal, bidirectional control of neuronal 

circuit in living organisms using two different optogenetic actuators (Guru et al. 

2015; Zhang et al. 2007).  

Regardless of the opsin used, efficient delivery is crucial for achieving cell type-

specific expression. Currently, there are two main strategies: (1) viral vector 

targeting methods based on AAV or (2) transgenic animal lines.  
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1) AAV-based brain transduction can be achieved through a variety of delivery 

routes: direct intraparenchymal injection, intraventricular infusion, and 

intravenous administration (Li and Daly 2002). The first method is widely used 

when a small local transfection in a specific brain region is required but suffers 

from high variability in transduction efficiency (Sheffield, Adoff, and Dombeck 

2017; Allegra Mascaro et al. 2019). Intraventricular injections have failed to 

produce widespread CNS transduction in adult rodents (Warren et al. 1999). The 

efficiency of intravenous administration is limited by the blood-brain barrier 

(BBB), which restricts the transport of these vectors to the adult central nervous 

system (CNS). Consequently, intraventricular and intravenous administration can 

be successfully applied only in neonatal animals (Foust et al. 2009; Gombash et al. 

2014; Li and Daly 2002) .  

2) Transgenic lines are endowed with homogeneous protein expression in wide 

regions of the nervous system (Zeng and Madisen 2012; Hausser 2014). 

Nevertheless, abnormal axonal morphology has been identified as a possible toxic 

effect of long-term expression of hexogen proteins in transgenic mice (Miyashita 

et al. 2013). Moreover, the development of transgenic lines is strictly dependent 

on the number of available genetic promoters used to drive the process, which is 

still limited (Montagni et al. 2019).  

Another field of the optogenetic deeply investigated regards the opsins excitation 

strategies, which requires high temporal and spatial precision to finely control 

neuronal activity. Over the years, two approaches based on one-photon (1P) or 

two-photon (2P) stimulation have been extensively used. Two-photon (2P) 

stimulation is used to target single cells or cell compartments below the first layer 

of the cortex (fig1.2a). Indeed, the scattering properties of biological tissues 

prevent deeper fluorescence excitation via visible light, unless transparent animals 

are used (e.g., zebrafish larvae). Two-photon (2P) stimulation uses the 

simultaneous absorption of two near-infrared photons (usually at 1064 nm) to 

excite light-sensitive proteins (Helmchen and Denk 2005). Consequently, this 

technique allows for stimulating deeper in the biological tissue with the additional 

advantage of the single-cell resolution (Montagni, Resta, Mascaro, et al. 2019; 
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Papagiakoumou et al. 2013). Alternatively, one-photon (1P) wide-field 

illumination is the first and most common method to perform optogenetic 

stimulation using visible light (fig1.2a). Traditionally, it was possible to drive 

optogenetic stimulation of opsin-expressing neurons in a large field of view (FOV) 

using an epifluorescent lamp or a light-emitting diode (LED) as a light source 

(Papagiakoumou 2013). An advantage of 1P illumination is the low-power density 

required to achieve the minimum level of irradiance to generate action potentials 

(Packer et al. 2013; Papagiakoumou 2013). At the same time, the low spatial 

resolution of 1P wide-field illumination does not reach single-cell excitation (Oron 

et al. 2012). To increase the spatial resolution, the light source can be changed, for 

example by replacing the LED with micro-LED (µLED) or laser, which allow to 

selectively excite a significantly smaller region of interest using light in the visible 

spectrum (Grossman et al. 2010; Wu et al. 2015). Moreover, in order to perform 

sequential cortical stimulation patterns with light, spatial excitation sequences are 

needed. Different approaches are applicable depending on the complexity of the 

excitation pattern required. Although it does not allow a fast change of the 

excitation point, the most adaptable and low-cost method is moving the plane in 

which the animal is positioned (Lim et al. 2014). Instead, a fast point by point 

spatial control of the laser beam is provided by surface light delivery systems, such 

as acousto-optic deflectors (AOD) or galvanometer mirrors (Hausser 2014; Conti  

et al. 2019). This technique is an important resource for mesoscale mapping the 

functional networks at the cortical level (Silasi et al. 2013; Vanni et al. 2017). 

Light-based motor mapping (LBMM) penetration is limited by the light scattering 

from the intact skull to under a few hundred microns (<1mm) from the cortical 

surface in living animals. The motor map size is often influenced by the stimulation 

of axons and dendrites from neurons that have the soma outside the activation area 

(Silasi et al. 2013). Additionally, both the brain state (anesthetized or awake) and 

the stimulus parameters impact the capacity to evoke movements and correctly 

identify non-response cortical sites (Silasi et al. 2013; Harrison et al. 2012; Hira et 

al. 2015). Harrison and colleagues in 2012 showed that prolonged optogenetic  
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Figure 1.2: Optogenetic motor mapping. (a) Representative image of optogenetic manipulation at 

different spatial resolution. Left, two-photon (2P) excitation method, which provides temporally 

precise control of neuronal firing rate. Middle, 2P spatially patterned excitation sequences for 

mapping and modulating the connectivity of individual neurons within local circuits. Right, One-

photon (1P) patterned illumination to trigger extensive cortical network dynamics and mimic natural 

activity patterns for inter- and intra-cortical interactions investigation. Adapted with permission from 

(Montagni et al. 2019). (b) Light-based motor map of abduction (green) and adduction (red) 

movements in anesthetized mice. Adapted with permission from (Harrison et al. 2012). (c) Light-

based motor map of three complex movements: forepaw-to-mouth movement (magenta), defensive-

like movement (yellow) and locomotion-like movement (green). Adapted with permission from (Hira 

et al. 2015).  
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stimulation (500 ms, 100Hz) of excitatory pyramidal neurons in anesthetized and 

awake mice evoked two reproducible complex movements of the contralateral 

forelimb, which were divided into two classes depending on the direction of 

forelimb movement: abduction and adduction (fig1.2b) (Harrison et al. 2012). 

Three years later, Hira and colleagues found that three types of complex 

movements were mapped into distinct functional modules in awake mice (fig1.2c) 

(Hira et al. 2015). They showed that long-train stimulation (500 ms, 2 or 4 ms 

pulses delivered at 50 Hz) of different motor cortex domains led to (i) forepaw-to-

mouth, (ii) defensive-like, or (iii) locomotion-like movements (Hira et al. 2015) . 

Interestingly, in both those studies, the modules required to evoke movements 

occupied the same cortical territory of mouse CFA and RFA. Nevertheless, these 

modules often were contiguous and equal in area, while CFA and RFA size are 

different and separated by representations of other body parts (Tennant et al. 2011; 

Harrison et al. 2012; Hira et al. 2015). Surprisingly, blocking excitatory cortical 

synaptic transmission  between RFA and CFA did not abolish movements induced 

by  photostimulation of these two functional regions, highlighting the functional 

and anatomical independence of these two modules (Hira et al. 2015; Harrison et 

al. 2012). Despite excitatory opsins expressed in excitatory neurons are the main 

combination used to dissect the role of RFA and CFA, optogenetic loss-of-function 

experiments played a key role in dissecting the role of forelimb motor 

representation. Optogenetic silencing of neuronal activity relies on two schemes: 

‘silencing by excitation’ which requires the expression of excitatory opsins in 

inhibitory interneurons, or ‘direct photoinhibition’ involving inhibitory opsins 

expressed directly in neuron populations to be silenced (Wiegert et al. 2017; Li et 

al. 2019). Based on those methods, studies showed that termination of inhibitory 

activity in the sensorimotor cortex was sufficient to drive a full action sequence in 

skilled mice, demonstrating the necessity and sufficiency of cortical activity for 

enacting a learned skill (Guo et al. 2015). Additionally, Morandell and colleagues 

in 2017 studied the effects of single area inactivation (RFA or CFA) in goal-

directed actions by performing transcranial optogenetic excitation of cortical  
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inhibitory interneurons. Their findings “suggest that both areas are involved in 

processing choice and movement execution in a transient and partially distributed 

manner” (Morandell and Huber 2017). Although studying optogenetically-evoked 

behaviors already provides a powerful way to investigate neuronal control of motor 

output pathways, decoding how optogenetic manipulation affects the dynamic of 

neuronal circuits in vivo remains an open question. To this aim, optogenetics has 

been largely combined with neuronal activity readout techniques, such as 

electroencephalography (EEG) or Local Field Potential (LFP), thus achieving 

simultaneous readout and manipulation of neuronal circuits (Lee et al. 2019; Zhang 

et al. 2019; Silasi et al. 2013). A recent revolutionary approach in functional 

cortical circuits mapping is the “all-optical” interrogation of neuronal circuits, 

which combines optogenetics with fluorescence microscopy. This non-invasive 

approach allows simultaneous functional imaging and manipulation of neuronal 

patterns in living animals (Mancuso et al. 2011; Emiliani et al. 2015). In the next 

section (1.3) we will describe commonly used and advanced functional 

fluorescence imaging techniques, while in the following (1.4) we will provide a 

detailed discussion on the newly developed all-optical approaches, including their 

application to motor mapping. 
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1.3. Sensors and systems for large-scale 
optical imaging of neuronal activity 

 

 

Investigating the organization and function of the motor cortices requires to 

monitor neuronal activity from multiple cortical regions simultaneously and 

chronically in vivo. Ideally, techniques of monitoring activity with a high spatial 

and temporal resolution are necessary in order to study the relationship between 

neuronal activity propagation dynamic and animal behavior. Although 

electrophysiological techniques, such as intracranial recordings of single-unit 

activity (SUA), multi-unit activity (MUA), local field potential (LFP) satisfy both 

temporal and resolution parameters (Mehring et al. 2003; Burns et al. 2010), they 

are invasive approaches characterized by limited neuronal coverage, inability to 

identify the cell types recorded and difficulty in repeating the recordings multiple 

times on the same animal (Bin et al. 2011; Grinvald et al. 1988). Optical recording 

techniques, instead, offer millisecond time resolution, simultaneous recording 

from multiple sites, and the possibility to repeat measurement from the same areas 

over days and months. The most widely approach for in vivo optical detection of 

neuronal activity is fluorescence imaging (Rao et al. 2007), which is based on the 

excitation of a fluorophore with a light source (Tungsten filament lamps, LED or 

laser illumination) in a specific range of the visible wavelength (450-750nm). After 

its excitation, the fluorophore emits longer wavelength photons detected by a 

photosensitive surface that generates a digital image (Grinvald et al. 1988; Dunst 

and Tomancak 2019; Kerr and Denk 2008).  

Commonly used fluorescence microscopy technologies include confocal 

microscopy, two-photon fluorescent microscopy (TPFM) and wide-field 

fluorescence microscopy (WFFM). They differ in sample illumination and signal 

detection strategies providing useful tools for a wide range of biological questions 
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 and contexts (Weisenburger and Vaziri 2018). In confocal microscopy, the visible 

light laser beam is scanned over the sample and the out-of-focus emission light is 

blocked by a pinhole located in the detection pathway. The scattered light, coming 

from outside the focal plane, is therefore blocked by the spatial filter 

(Nwaneshiudu et al. 2012; Pawley 2006). Consequently, confocal microscopy has 

the advantage of rejecting out-of-focus light thus ensuring high-contrast imaging 

of the sample. However, confocal microscopy is limited in the achievable imaging 

depth (around 200 µm) and thus requires thin sections of tissue (Nwaneshiudu et 

al. 2012). Instead, TPFM is a non-linear optical microscopy technique that can 

provide subcellular-resolution three-dimensional imaging into the intact living 

brain. It exploits the absorption of two infrared photons that arrive simultaneously 

(within 0.5fs) on the sample, combining their energies and promoting the molecule 

to the excited state (Helmchen and Denk 2005; Oheim et al. 2001). Therefore, it is 

heavily dependent on the photon concentration, that is the light intensity, and 

requires a powerful light source like pulsed lasers (Imanishi et al. 2007). 

Importantly, TPFM is less sensitive to scattering providing cellular resolution 

imaging in intact tissues at depths up to one millimetre (Helmchen and Denk 

2005). The main limitations of this technique for mesoscopic brain mapping are 

both the small field of view and the invasiveness of the cranial window required 

for optical access (Silasi et al. 2016). In fact, it is mainly used for small-networks 

behavior studies. 

Instead, WFFM has several advantages for long-term imaging of large-scale 

cortical dynamics in vivo. It requires a small light dose to illuminate a large field 

of view that usually covers both hemispheres in mice, consequently phototoxicity 

and photobleaching of fluorophores are reduced (Ma et al. 2016; de Kernier et al. 

2019; Cramer et al. 2019). Moreover, the semi-transparent nature of the mouse 

skull allows it to be left intact or partially thinned to gain optical access  (Silasi et 

al. 2016; Guo et al. 2014). Thus, only skin retraction is required for a chronic 

transcranial window, reducing the risk of inflammation or brain damage, and 

making it a low invasive procedure (Silasi et al. 2016). Wide-field optical  
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recordings are limited to accessible areas of the brain, such as the cortex, with a 

recording depth of about 0.5mm (Homma et al. 2009). The main factors that limit 

the spatial resolution and depth sensitivity of this technique are the background 

scattering and absorption properties of the brain (Ma et al. 2016). Consequently, 

the contrast of the images is lower than confocal or TPF microscopy due to the 

collection of a significant background signal from out-of-focus areas, and it is 

difficult to identify how deep in the tissue the fluorescence originated from (Dunst 

and Tomancak 2019; Shaw 2006).   

There are other mesoscopic imaging modalities, such as functional magnetic 

resonance imaging (fMRI) or Optical Coherence Tomography (OCT), which are 

not based on exogenous fluorophores’ emission and are mainly used for 

hemodynamic or optical intrinsic signal (OIS) studies of the mouse brain (Kim et 

al. 2017; Kim et al. 2000; Park et al. 2018). However, their application in mice is 

limited by both the small body size of these animals and by the long procedure 

times, which is often combined with anaesthesia for the immobilization of the head 

to avoid imaging artefact (Van der Linden et al. 2007; Cramer et al. 2019). Hence, 

WFFM remains the most effective approach for in vivo studies of large-scale 

cortical dynamics in awake mice.  

In order to longitudinally monitor the activity of many neurons with fluorescence 

microscopy, genetically encoded fluorescent indicators are needed.  The field of 

fluorescence optical indicators began after the discovery of green fluorescence 

protein (GFP) (Tsien 1998), a spontaneously fluorescent protein isolated from the 

Pacific jellyfish, Aequorea Victoria, which transduces the blue chemiluminescence 

of another protein, aequorin, into green fluorescent light by energy transfer (Yang, 

Moss, and Phillips 1996). GFP main excitation peak is cantered at 395 nm with a 

minor peak at 475 nm, while the emission peak is at 508 nm (Yang et al. 1996). 

GFP-based indicators have the advantage of allowing repeated recordings from 

awake animals. Moreover, the tolerance of GFPs for circular permutations and 

insertions of foreign proteins provided two benefits: the creation of a palette of FPs  

within the range of the visible spectrum  (Stepanenko et al. 2018) and a new 
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Figure 1.3: Genetically Encoded Optical Indicators. (a) Representative image of a Genetically 

Encoded pH Indicator (GEPI). Fusion of the synaptic vesicle induces loss of the proton from the 

chromophore, allowing excitation by 488-nm which results in green emission. (b) Representative 

image of a Genetically Encoded Voltage Indicator (GEVI). Changes of the membrane potential cause 

the VSD to move into or out of the membrane, leading to relatively linear changes in the fluorescence 

or absorbance. (c) Representative image of a Genetically Encoded Transmitter Indicator (GETI). The 

binding of the neurotransmitter (ntm) to its transporter induces a conformational change resulting in 

green emission. (d) Representative image of Genetically Encoded Calcium Indicators (GECIs). Once 

voltage-gated calcium channels (VGCC) are open the cytosolic calcium concentration changes. 

GECIs detect cytosolic calcium transients and modify their conformation modulating the green or 

red emission depending on the FP type bounded, cpGFP or cpRFP respectively. Adapted with 

permission from (Lin and Schnitzer 2016).  
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strategy for developing genetically encoded optical indicators (Homma et al. 

2009). The wide and growing use of these indicators in the neuroscience field is 

due to their selective expression in genetically defined neuronal populations. There 

are multiple classes of genetically encoded optical indicators which are useful for 

different types of experiments (Lin and Schnitzer 2016). Genetically Encoded pH 

indicators (GEPIs) can be used as vesicular release probes (Lin and Schnitzer 

2016; Rossano et al. 2013) (fig1.3a). Genetically Encoded Transmitter Indicators 

(GETIs) allow studying neurotransmission at presynaptic or postsynaptic level 

(Lin and Schnitzer 2016; Liang et al. 2015) (fig1.3c). Voltage changes in neurons 

are detected by Genetically Encoded Voltage Indicators (GEVI), which can be 

used to visualize single action potential in vivo (Yang and St-Pierre 2016) 

(fig1.3b).  Another class of optical indicator is instead obtained from the fusion of 

GFPs with calmodulin (CaM) (Porumb et al. 1994), a ubiquitous Ca2+-binding 

protein with large Ca2+-dependent conformational changes, which led to the 

generation of Genetically Encoded Calcium Indicators (GECIs) (Oh, Lee, and 

Kaang 2019) (fig1.3d).  Calcium indicators are located intracellularly and act as a 

buffer of calcium, a second messenger tightly coupled to membrane excitation and 

neuronal activity (Baker et al. 2005).  

GEVIs and GECIs can both be used to detect action potential. The major 

limitations of GECIs are that they can bind and interfere with endogenous 

signalling molecules, their decay kinetics is relatively slow since it is based on the 

timescale of calcium dynamics and they cannot report hyperpolarizations and 

subthreshold depolarizations (Hires et al. 2008; Paredes et al. 2008; Lim et al. 

2013; Scanziani and Häusser 2009). These limitations make their use as trackers 

of single action potential difficult (Yang and St-Pierre 2016). On the other hand, 

although GEVIs are able to detect signal action potential in vivo, they suffer from 

photodamage and/or photobleaching after prolonged illumination and the speed at 

which bleached GEVI molecules are replaced is slower than that of GECI 

(Scanziani and Häusser 2009; Yang and St-Pierre 2016). Indeed, GECI molecules 

are located at cytoplasmic level and cytoplasmic diffusion is faster than diffusion 
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in lipid membranes where instead GEVI are expressed (Fujiwara et al. 2016).  This 

condition limits GEVI application for within-animal longitudinal studies. 

Currently, stable expression of GECIs is achievable using AAV-based gene 

delivery methods or transgenic lines. The AAV-based gene delivery is subjected 

to the same problems we discussed for optogenetic actuator expression (see chapter 

1.2). Therefore, of the four delivery routes approachable when this project started, 

the only one that could be successfully applied to adult mice was intraparenchymal 

AAV injection (Richard and Philippe 2011). Although it is a minimally invasive 

approach, intraparenchymal injection still requires surgical procedures and the 

expression is spatially inhomogeneous, with the highest concentration found near 

the injection site. Moreover, expression levels increase with time, which limits 

GECI imaging to a few weeks after the injection. The imaging time window mainly 

depends on the promoter construct, viral titer, injection volume and other factors 

(Badea et al. 2018). Conversely, GECI expression is stable over time in transgenic 

mice and it does not require surgeries. However, it should be noticed that some 

transgenic lines expressing genetically encoded calcium sensors show aberrant 

cortical activity, such as epileptiform events (Steinmetz et al. 2017) . This issue is 

most likely related to the expression of calcium buffers during development. 

GECIs are categorized in two classes based on the number of fluorescence proteins 

(FPs) present in the indicator: FRET-based GECIs and single-FP GECIs (Perez 

and Nagai 2013). The first class of GECIs is based on the principle of Fluorescence 

Resonance Energy Transfer (FRET) whereby the energy released from a donor FP 

is transferred to an acceptor FP (Suzuki et al. 2016). The second class of GECI is 

instead based on a circularly permuted FP and a Ca2+ responsive element. 

Conformational changes due to bonds with Ca2+ lead to a change in the 

fluorescence intensity. Single-FP GECIs have some advantages over FRET-based 

GECI: a higher dynamic range and narrower excitation and emission spectra which 

allow simultaneous observation of multiple single-FP GECI in the same sample 

(Suzuki et al. 2016). The most widely used and best performing indicators are the 

GCaMP series consisting of a cpGFP with a CaM and M13- peptide on the N- 
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terminous and C-terminous, respectively (Deo and Lavis 2018). The GCaMP 

family is based on (and thus has spectral properties similar to) the GFP protein 

(Dana et al. 2019),. Despite GCaMP indicators having already been successfully 

used in vivo in different animal models to detect distributed neuronal activity over 

time (Turrini et al. 2017; Scott et al. 2018), they have several limitations due to 

their excitation and emission spectra. Indeed, the blue excitation light used in one-

photon fluorescence microscopy can cause photodamage and is highly scattered in 

tissue. Furthermore, the blue excitation light and the green emission of GCaMP 

are absorbed by haemoglobin (Svoboda and Block 1994) and other endogenous 

molecules like FAD (Yang et al. 2017), which reduces the penetration depth of the 

imaging in vivo. Finally, the GCaMP excitation spectrum overlaps with that of 

commonly used light-sensitive ion channels, such as ChR2, which limits the 

simultaneous use of green GECIs and optogenetic stimulation (Nagel et al. 2003; 

Dana et al. 2016). These limitations led to an increasing interest in developing a 

red variant of GECIs, namely RGECIs, with a structure similar to GCaMP but with 

a longer emission wavelength. RGECIs are composed of a circular permuted 

thermostable red fluorescent protein (RFP) (Suzuki et al. 2016; Nagai et al. 2014; 

Montagni et al. 2019). Among the most commonly RGECIs used, there are two 

variants based on two different RFPs: mRuby (like in jRCaMP1a and jRCaMP1b) 

and mApple (jRGECO1a and jRECO1b) which have similar spectral profiles, with 

excitation peaks around 558 nm and 568 nm, and emission peaks at 605 nm and 

592 nm, respectively (Dana et al. 2016; Akerboom et al. 2013; Montagni et al. 

2019). Although red-GECIs have a lower affinity to calcium than green-GECI, 

they show multiple advantages for in vivo imaging. First of all, they are 

characterized by a longer excitation wavelength, which allows deeper penetration 

into tissue due to a reduced scattering by endogenous fluorophores (Billinton and 

Knight 2001). In addition, red fluorescence is less absorbed than green 

fluorescence by both endogenous fluorophores and haemoglobin in mammalian 

tissue (Dana et al. 2016). The growing interest in red-GECI calcium indicators is 

mainly due to the well-separated excitation and emission spectrum between  
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RGECI and ChR2, which allows the simultaneous use of these two proteins to 

monitor and manipulate neuronal activity. The combination of wide-field imaging 

of RGECI and laser activation of ChR2-expressing neurons we chose in this thesis 

represents a new all-optical approach to study large scale cortical dynamics across 

multiple cortical regions during light-evoked complex movements. 
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1.4. All-optical strategies for functional 
motor mapping  

 

 

As discussed in the previous chapter, a fruitful approach to study cortical 

functional maps at mesoscale level requires to record neural activation patterns 

within large cortical areas while targeted neurons are focally perturbed. One of the 

first attempts to achieve this aim was coupled ICMS with electrophysiological 

recordings or optical imaging of intrinsic signal (OIS) (Brock et al. 2013; Riehle 

et al. 2013). Since ICMS lacks control of targeted neuronal population, OIS was 

combined with finer techniques, such as blue-sensitive opsin, to study 

optogenetically-evoked hemodynamic signals and provide effective connectivity 

maps (Bauer et al. 2017; Nakamichi et al. 2019). Although hemodynamic mapping 

produces maps topographically similar to those obtained using VSDs and does not 

require surgical procedures, hemodynamic response is an indirect measurement of 

neuronal activity and is ～5-100 times slower than imaging sensors (Cramer et al. 

2019; Ma et al. 2016). Recently, optogenetics was combined with advanced optical 

indicators leading to the development of a new strategy for neuronal circuits 

interrogation: the “all-optical” approach. This strategy exploits the ability to 

simultaneously manipulate and record the activity of selected neuronal populations 

by using light. First of all, this low-invasive approach allows long term 

investigation of the same neuronal circuits in intact brains across time (Torricelli 

et al. 2014). Secondly, it is multiplexable, which implies the simultaneous use of 

lights with different wavelengths in the same samples (Emiliani et al. 2015). 

Nevertheless, critical aspects must be considered when developing an efficient all-

optical system. Indeed, two spectrums are involved in the all-optical readout and 

manipulation of the same cells: the optogenetic actuator activation spectrum and 

the fluorescence reporter excitation spectrum. An overlap of these two spectra may  
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lead to unintended perturbation of the neuronal circuit when the optogenetic 

actuator is sensitive to wavelengths used for imaging or to imaging artefacts due 

to excitation of the fluorescent activity reporter if it is sensitive to photostimulation 

wavelengths (Soor et al. 2019; Emiliani et al. 2015). This is the case of one of the 

first all-optical approaches used successfully in mice in vivo (Wilson et al. 2012), 

in which one-photon excitation of ChR2 was combined with two-photon imaging 

of a green calcium dye. This study takes advantage of ChR2’s low 2P excitation 

efficiency via laser scanning, a condition that cannot be exploited in mesoscale 

studies (Soor et al. 2019). Another all-optical approach that was exploited in vivo 

despite presenting the same crosstalk problem was combining ChR2 with GCaMP 

calcium reporter. Although this approach benefits from the use of two long term 

stable genetically encoded proteins, there is a large one-photon spectra overlap 

between actuator and reporter, which often involves a block of the readout during 

the crucial photostimulation period and it doesn't allow to perform imaging without 

unintended ChR2 stimulation (Guo et al. 2009; Szabo et al. 2014; Allegra Mascaro 

et al. 2019). These limitations can be reduced either by minimizing imaging light 

intensities, to the detriment of the signal-to-noise ratio, or by separating the optical 

paths for ChR2 excitation and fluorescence imaging (fig1.4b) (Guo et al. 2009; 

Szabo et al. 2014; Allegra Mascaro et al. 2019). 

Therefore, to perform simultaneous optical readout and manipulation of neuronal 

circuits, the crosstalk between the imaging and manipulation channels can be 

minimized or even eliminated by taking advantage of two different approaches: 

pairing blue-green fluorescence reporters with red absorbing optogenetic actuators 

or blue actuators with red indicators. For the first approach, the main reporter used 

was the GCaMP indicator. It was combined with the red-shifted opsin C1V1 for 

two-photon optogenetic activation and calcium imaging with negligible optical 

crosstalk (Packer et al. 2015; Dalgleish et al. 2020; Yang et al. 2018; Liu et al. 

2020) (fig1.4b). GCaMP was also combined with another variant of red-shifted 

opsin (ChrimsonR) (Oda et al. 2018) to study neuronal circuits in behaving 

zebrafish by using one-photon stimulation of the optogenetic actuator  
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Figure 1.4: Normalized fluorescence opsins and GECIs spectra. (a) Normalized excitation 

spectra of the opsins (ChR2(H134R) in blue, Chronos in light blue, C1V1 in green, eNpHR3.0 in 

orange, Chrimson in red). Adapted with permission from (Olofsson et al. 2015). (b) Normalized 

excitation spectra of the optogenetically actuator (ChR2 in light blue and C1V1 in green) and of the 

GECIs (RCaMP in red and GCaMP in blue). Adapted with permission from (Akerboom et al. 2013). 
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(Förster et al. 2017; Jiao et al. 2018). Nevertheless, there is still a small crosstalk 

between the two proteins, as C1V1 and ChrimsonR have a blue absorption 

shoulder, and GCaMP6 has a red shifted absorption tail even in the one-photon 

configuration required for mesoscale studies (Yang et al. 2018; Oda et al. 2018; 

Olofsson et al. 2015) (fig1.4a-b). 

Conversely, one-photon low spectral-overlap has been successfully achieved using 

a combination of blue actuator with red indicator. The successful combination of 

a blue-green absorbing optogenetic actuator  (Chronos) (Hight et al. 2015)  with a 

deep red-emitting fluorescent calcium dye (CaSiR-1)  was demonstrated in slice 

and in vivo preparations (Egawa et al. 2011; Soor et al. 2019). Although the 

temporal resolution of Chronos is higher than that of ChR2 (Hight et al. 2015), a 

combination of this actuator with red-shifted indicators may cause unintended 

perturbation of the neuronal circuit since one-photon Chrono’s spectrum is redder 

than ChR2’s (fig1.4a). Another strategy to minimise the one-photon crosstalk with 

ChR2 is the use of red voltage sensitive dyes (VSD) (Lim et al. 2012a), organic 

membrane-bound molecules that provide direct, fast and linear measure of changes 

in membrane potential (Zhou et al. 2007; Lim et al. 2013). This approach was 

implemented in vivo for revealing reciprocal relationships between cortical areas 

at mesoscale level. Nevertheless, the lower sensitivity of dyes compared to GECI 

and the invasive procedures required for VSD imaging, such as craniotomy and 

removal of the dura mater that alter cortical physiological dynamics, don’t make 

them suitable for longitudinal studies of cortical dynamics (Scanziani and Häusser 

2009; Yang and St-Pierre 2016; Mohajerani et al. 2010). Moreover, dyes can 

hardly be targeted to specific neuronal populations, which is instead an essential 

condition for motor mapping since cellular responses in the motor cortex vary 

greatly between cell types (Ebbesen et al. 2018). Finally, blue-sensitive 

optogenetic actuators were combined with red-shifted GECIs (RCaMP or RGECO 

indicators). Despite R-GECO displays higher Ca2+ affinity and larger dynamic 

range than RCaMP, it exhibits significant photoactivation with blue and green light 

that could lead to artefacts when combined with blue-sensitive opsins (Akerboom 
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 et al. 2013). Instead, RCaMP family is well suited for all-optical interrogation of 

behavioural circuits in vivo using ChR2 as optogenetic actuator (fig1.4b). Two-

photon RCaMP2 imaging and one-photon ChR2 excitation have already been used 

in C. Elegans, but not on the same cells (Inoue et al. 2015).. Indeed, this study 

combined presynaptic stimulation with postsynaptic recording. Recently, a similar 

approach combining two-photon holographic ChR2 stimulation and two-photon 

imaging of the red-shifted indicator jRCaMP1a was tested in mouse neocortex in 

vivo (Forli et al. 2018). The authors demonstrated that this configuration drastically 

reduces the crosstalk, preserving enough laser power for both imaging and 

optogenetics. 

One of these approaches was used to perform large-scale connectivity mapping. 

Lim and colleagues, in 2012, combined ChR2 with VSD to perform functional 

mapping of the interhemispheric and interhemispheric connectivity during sensory 

stimulation or local photostimulation (Lim et al. 2012b). Few years later, the same 

group successfully exploited this approach to map connectivity changes after a 

targeted cortical stroke (Lim et al. 2014). Nevertheless, this combination is not 

suitable for longitudinal studies. We therefore took advantage of the all-optical 

approach used by Forli et colleagues and tested it in a one-photon mesoscale 

configuration in order to investigate the functional organization in RFA and CFA 

during optogenetically-evoked complex movements, a field still unexplored.  Our 

approach allowed correlating the effective local connectivity evoked during 

complex movements with the light-based motor maps, thus providing an important 

tile to our understanding of how the motor cortex drives complex behaviours.  
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2.1. Surgical procedures  
 

All procedures were approved by Italian Minister of Health (aut. n. 871/2018). 

Adult animals examined in this study were C57B/6 of both sexes (age 6-12 

months). Surgical procedures were conducted under isoflurane anaesthesia (3% for 

induction, 1-2% for maintenance). Animals were placed into a stereotaxic 

apparatus (KOPF, model 1900). The skin and the periosteum were cleaned and 

removed and bregma was signed with a black fine-tip pen. Different surgical 

procedures were used for viral injections, depending on the experiment. 

For the characterization of four red-shifted indicators, the viral vectors 

(CliniSciences) used were:  

- jRCaMP1a: pGP-AAV9-syn-NES-jRCaMP1a-WPRE.211.1488  

- jRCaMP1b: pGP-AAV9-syn-NES-jRCaMP1b-WPRE.211.1519  

- jRGECO1a: pGP-AAV9-syn-NES-jRGECO1a-WPRE.111.1670  

- jRGECO1b: pGP-AAV9-syn-NES-jRGECO1b-WPRE.111.1721. 

To achieve widespread indicator transduction over the right hemisphere, a small 

hole (Ø 0,4 mm) was drilled at coordinate ML +1,5 mm, AP −1,5 mm from 

bregma. A 500 nl volume of virus (per indicato, nmice = 4) was pressure-injected 

through a pulled glass micropipette (∅ of the tip: 50 μm) at two depths per site (-

0,4 mm and -0,8 mm ventral from dura surface) using an electrically gated pressure 

injector (Picospritzer III—Science Products™,  3 Hz, ON 4 ms). 

For testing the indicator responsiveness to two different behavioural states, 500 nl 

of jRCaMP1a construct (pGP-AAV9-syn-NES-jRCaMP1a-WPRE.211.1488) was 

injected into the primary motor cortex (n = 3; +1,75 mm ML, +0,5 mm AP from 

bregma) at one depth (-0,5 mm ventral from dura surface) using an electrically 

gated pressure injector (Picospritzer III—Science Products™, 3 Hz, ON 4 ms).  

For simultaneous one-photon imaging and optogenetic stimulation, to achieve 

widespread expression of both jRCaMP1a and ChR2 over the right hemisphere, 

small holes were drilled at two coordinates (AP +2.0 mm, ML +1.7 mm; AP -0.5 

mm, LM +1,7 mm from bregma). A 500 nl volume of mixed virus (pGP-AAV9-

syn-NES-jRCaMP1a-WPRE.211.1488 and pAAV9-CaMKII-hChR2(H134R)-
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Cerulean, 1x1013 GC ml-1, CliniSciences, 250 nl respectively) was pressure-

injected through a pulled glass micropipette at two depths per site (-0.4 and -0.8 

mm ventral from dura surface) using an electrically gated pressure injector 

(Picospritzer III—Science Products™,  3 Hz, ON 4 ms) for a total volume of 1 µl 

per mouse.  

A custom-made aluminium head-bar placed behind lambda and a cover glass 

implanted on the exposed skull were fixed using transparent dental cement (Super 

Bond C&B – Sun Medical) to allow the fixation of the head for awake imaging 

and free optical access to the cortex respectively. After the surgery, mice were 

recovered in a temperature- and humidity-controlled room, with food and water ad 

libitum for two weeks before recordings. 

 

 

2.2. Wide-field microscope setup  
 

For the characterization of four red-shifted indicators, A custom-made wide-field 

imaging setup was used to image the fluorescence signal of the GECIs. This setup 

was equipped with an excitation source for R-GECIs fluorescence imaging (595 

nm LED light, M595L3 Thorlabs, New Jersey, United States), and a bandpass filter 

(578/21 nm, Semrock, Rochester, New York, USA) allowed the selection of the 

excitation band. A dichroic filter (606nm, Semrock, Rochester, New York USA) 

above the objective (2.5× EC Plan Neofluar, NA 0.085) deflected the excitation 

light beam towards the sample. Finally, a 3D motorized platform (M-229 for xy 

plane, M-126 for z-axis movement; Physik Instrument, Karlsruhe, Germany) 

allowed animal positioning under the objective. The fluorescence signal was 

collected through a bandpass filter (630/69, Semrock, Rochester, New York, USA) 

and focused by a tube lens (500mm) on the sensor of a high speed complementary 

metal-oxide semiconductor (CMOS) camera (Orca Flash 4.0 Hamamatsu 

Photonics, NJ, USA). 
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For simultaneous one-photon imaging and optogenetic stimulation we took 

advantage of a second excitation source to simultaneously excite the opsin (ChR2-

cerulean) and the calcium indicator (jRCaMP1a) (Conti, Allegra Mascaro, and 

Pavone 2019). The excitation source was a continuous wavelength (CW) laser (λ 

= 473 nm, OBIS 473 nm LX 75mW, Coherent, Santa Clara, CA, USA). The 

excitation beam was overlaid on the imaging pathway using a second dichroic 

beam splitter (FF484-Fdi01-25 × 36, Semrock, Rochester, New York, NY, USA) 

before the objective. The system has a random-access scanning head with two 

orthogonally mounted acousto-optical deflectors (DTSXY400, AA Opto-

Electronic, Orsay France). The jRCaMP1a fluorescence signal emitted was 

collected through a band-pass filter (630/69, Semrock, Rochester, New York, 

USA) and focused by a tube lens (500 nm) on the sensor of a demagnified (20X 

objective, LD Plan Neofluar, 20×/0.4 M27, Carl Zeiss Microscopy, Oberkochen, 

Germany) high speed complementary metal-oxide semiconductor (CMOS) camera 

(Orca Flash 4.0 Hamamatsu Photonics, NJ, USA). 

 

 

2.3. Wide-field imaging in awake behaving   
        mice  
 

The camera acquired images at a resolution of 100 by 100 px2 covering a square 

field-of-view of 5,2 by 5,2mm2 of the cortex. 14 days after the injection, head-

fixed imaging sessions were performed for three consecutive weeks. An animal 

specific-FOV template was used to manually adjust the imaging field daily. 

For the characterization of four red-shifted indicators, an imaging session 

consisted of 40s of recording in resting state (sampling rate: 25 Hz, LED power 23 

mW, 32 mW cm
−2

 ). During the last week, one experimental group (AAV9-

jRCaMP1a, viral transfection in motor cortex, nmice = 3) was subjected to 

behavioural training for five consecutive days (see section 2.4 below). 
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For simultaneous one-photon imaging and optogenetic stimulation, each recording 

session consisted of 5-10 s in resting state followed by the stimulus and other 30 s 

of imaging (sampling rate: 50Hz).  The waiting time for consecutive sessions was 

3 minutes per animal. LED light intensity was 4 mW after the objective. 

 

 

2.4. Robotic platform  
 

Mice expressing jRCaMP1a in the motor cortex (n=3) performed five consecutive 

days of training in the robotic platform device (Spalletti et al. 2013). A resting state 

imaging session was recorded each day before the training. The single daily session 

consisted in 15 cycles or ‘trials’ of active retraction of the left forelimb associated 

with a sweetened condensed milk reward (10 μl) upon reaching the target position 

(fully-retracted).  

The robotic device (M-platform) is based on the one described in Spalletti et al 

2013. It was composed of a linear actuator, a 6-axis load cell (Nano 17, ATI 

Industrial Automation, USA), a precision linear slide with an adjustable friction 

system and a custom-designed handle where the left wrist of the mouse was 

allocated, which allowed a transfer of the force applied by animals to the sensor. 

 

 

Figure 2.1: Schematic representation of the 

robotic platform.  (1) peristaltic pump for 

reward release.     (2) Snout suspension device. 

(3) Linear motor.             (4) Micromanipulator 

for mouse head positioning.            (5) Camera. 

(6) Handle. (7) Slide. (8) Load cell.             (9) 

Gaving-feeding needle. (10) Head fixing 

system. Bottom on the right the diagram of the 

handle with the upper (UC) and lower (LC) 

components, the two magnets (gray) and the 

semi-circular groove (light gray). (Spalletti et 

al. 2013)   
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For each trial, a linear motor pushed the slide and extended the mouse left forelimb 

by 10mm (passive phase). Two acoustic signals informed the mouse of the end of 

passive phase (0.5s) and the reaching of a target position (1 s), which was 

associated with reward. Then, the motor was quickly decoupled form the slide and 

the mouse was free to voluntarily pull the handle back (active phase). During the 

exercise, the robotic device integrated in the wide-field microscope allowed 

simultaneous recording of: (i) cortical activity over the right hemisphere, measured 

as a change in fluorescence signal, (ii) the force applied by left forelimb and (iii) 

the limb position, estimated by the movement of the slide using an IR position 

sensor located on the slide and recorded by an IR camera (EXIS WEBCAM 

#17003, Trust). 

 

 

2.5. Optogenetic stimulation  
 

Laser stimulation patterns were generated using two orthogonally mounted 

acousto-optical deflectors controlled by a custom-written LabView 2013 software 

(National Instruments). A reference image of the FOV was used to target the laser 

beam on a selected cortical area. Laser stimulation was manually triggered and 

synchronized with the animal movements by a mirror, which deflected part of the 

laser beam into the FOV of the camera used for behavioral recording. 

Single pulse laser stimulation consisted of one pulse (10ms ON) randomly 

repeated for 8 times in one imaging session at different laser power ( 0,22 – 1,3 – 

2,5 – 5,2 – 7,7 – 13,2 mW, after the objective). 

The train stimulus consisted of 2 s, 16 Hz, 10ms ON repeated once per imaging 

session. For laser power calibration experiments the train’s laser power used were: 

1,3- 2,5 - 5,2 - 7,7 - 13,2 mW. For light-based motor mapping, connectivity studies 

and pharmacological inhibition laser power was the minimum power required to 

evoke the movement per animal (from 1,3 mW to 13,2 mW). 
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2.6. Light-based motor mapping (LBMM)  
 

The LBMM for locomotion-like (TAP) and grasping-like (GRASP) movements 

were obtained in separate experiments. A virtual grid (14 x 14, 364 µm spacing) 

was superimposed on the animal-specific FOV template using ImageJ. The 

stimulus train was delivered once for all sites of the grid in a random order. The 

left forepaw position during imaging sessions was monitored using a camera 

equipped with a red light focused on the forepaw, which did not interfere with 

imaging. Forelimb movements were evaluated by two different expert observers 

and visually categorized as (i) grasping-like movements: contralateral forepaw was 

closed, the wrist turned and moved toward the mouth (ii) locomotion-like 

movements: contralateral forelimb was retracted and lifted up at least 2 times, 

simulating a walking movement (iii) no-movements and movement interference: 

the absence of both the movements showed before during the stimulus.  

Lateral Forelimb Area (LFA) LBMM. 4 out of 8 animals presented a discrete LFA 

and RFA light-based motor map. Those maps were firstly aligned to each other 

using three points in the FOV as reference (bregma and the injection sites). 

Secondly, the aligned LFA LBMM were overlaid across all mice and then a 

threshold (100%, high restriction) was applied to identify the region on which the 

overlap was total (n=4). The average LFA LBMM was used as a mask for 

identifying the LFA border in those animals that presented a unified LBMM which 

covered both the grasping areas (n=4). 
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2.7. Video tracking analysis  

 
A machine vision camera (PointGrey flir Chamaleon3, CM3-U3-13Y3C-CS) was 

orthogonally set 100 mm in front of the mouse to evaluate the left forelimb 

movement induced by contralateral optogenetic stimulation (frame rate 100Hz). 

The camera acquired images at a resolution of 800 by 600 px2 covering a field-of-

view of 24 by 18 mm2 of the cortex (0,03mm per pixel). Visible light at 630nm 

used as the light source was focused on the left forepaw, to avoid imaging 

interference. Five individual trains per movement category for one animal were 

filmed (nmice = 1; ntrains = 5). Videos were analyzed using the ImageJ plugin 

AnimalTracker, obtaining XY coordinates of the forelimb in each frame from a 

starting point (Gulyàs, MB et al., 2016 for details). To compare evoked complex 

movements we analyzed the tracked forelimb medio-lateral displacement,the 

elevation and thespeed (mm/s) for each train. 

 

 

2.8. In vivo Local Field Potential recording  
 

Local field potentials (LFPs) were recorded in the site of injection, six weeks after 

the surgery in jRCaMP1a+/ChR2+ mice. Glass pipettes were used to avoid light-

induced artifacts during the electrophysiological recordings and filled with a 2mM 

NaCl solution. The electrode was advanced, through a little hole in the skull, into 

the motor cortex L5 (800 µm ventral from the dura surface) using a motorized 

micromanipulator (EXFO Burleigh PCS6000 Motorized Manipulator). A 3000 

AC/DC differential amplifier was used to amplify the signal recorder, which was 

sampled at 10 kHz, high-pass filtered at 0.1 Hz and lowpass filtered at 3 kHz. A 

reference and ground screws were placed on the occipital bone. LFP signal was 

recorded during a random activated pattern of led ON / led OFF (2 seconds each, 

4,5 mW). As a control, an optogenetic single-pulse stimulus was delivered close 
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to the pipette tip, resulting in a fast-downward deflection, indicating that ChR2 

was effectively transfected and functioning. 

 

 

2.9. Ex vivo imaging  
 

For the ex vivo characterization of four red-shifted indicators, mice were perfused 

with 20–30ml of 0.01 M PBS (pH 7.6) and 150ml of 4% paraformaldehyde (PFA) 

four weeks after injection. After the perfusion, brain coronal slices (100 μm thick) 

were obtained using a vibratome (Vibratome Series 1500—Tissue Sectioning 

System). The rostro-caudal transfection extension was evaluated by acquiring each 

slice by WFFM (exposure time 12 ms, LED power 23 mW). 

The signal to noise ratio (SNR) was calculated on the average of the three brightest 

slices for each group as follows: 

 

𝑆𝑁𝑅 =
𝑆

𝑅
 

 

 where S was the average fluorescence intensity of a ROI (0,24 mm2) centered on 

the brightest area in the slice, while R was the mean intensity of noise obtained 

from a ROI placed in the darkest area on the same slice,  which was far from the 

site of injection then.  

For immunohistochemistry procedures mice were perfused six weeks after 

injection. Brain coronal slices were washed with PBS and incubated in PBS/0.3% 

Triton X-100 containing 1% bovine serum albumin (BSA) for 60 min while 

shaking at room temperature (RT). Then, slices were washed with PBS/0.1% 

Triton X-100 (T-PBS) and incubated with the primary antibody NeuN (1:200, 

Sigma, ABN78) in T-PBS for 1 day at 4°C while shaking. Following incubating, 

slices were washed with T-PBS and incubated with anti-rabbit fluorescent Alexa 

514 antibody (1:250, ThermoFisher, A-31558) in T-PBS for 2 h at RT while 

shaking. Finally, slices were washed and mounted on a glass slide. Imaging was 
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performed with a confocal laser scanning microscope (CLSM, Nikon Eclipse 

TE300, with the Nikon C2 scanning head), equipped with a Nikon Plan EPO 60× 

objective, N.A. 1.4, oil-immersion). The setup was equipped with a 408 nm, 488 

nm  and 561 nm laser to simultaneously excite ChR2, Alexa 514 and jRCaMP1a 

respectively. A triple-band dichroic mirror 408/488/543 was used for simultaneous 

3-channel fluorescence imaging. Emission filters were 472/10 nm, 520/35 nm and 

630/69 nm, respectively.   

 

 

2.10. Pharmacology treatment  
 

For pharmacological interference experiments, a small craniotomy ( 1 mm) was 

performed on a region of interest. For the animals that undergo both 

pharmacological inhibition of GRASP and TAP the experiments were performed 

in a 3-day separate section. The craniotomies were then sealed with Kwik-seal 

(World Precision Instrument) after the experiment sections. Glutamate receptor 

antagonist CNQX 1 mM (C127 Sigma-Aldrich) and vehicle (physiological 

solution containing 0.01 % DMSO) were applied to the craniectomy and the 

solutions were replenished (at the same concentration) every 10’ to compensate 

tissue drying. Trains of stimulation were performed every 10’. 

 

 

2.11. Imaging data analysis  
 

Analysis has been performed using ImageJ, OriginPro and Mesoscale Brain 

Explorer software (MBE). For each imaging session, changes in the fluorescence 

signal were expressed as ΔF/F according to the following formula: 
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∆[𝐶𝑎2+] ∝
∆𝐹

𝐹
=
[𝐹𝑡 − 𝐹0]

𝐹0
 

 

where F0 was the average of baseline fluorescence intensity and Ft was the 

fluorescence issued at a given time.  

For simultaneous one-photon imaging and optogenetic stimulation experiments, 

the laser in the visible range (470 nm) used for the optogenetic stimulation of ChR2  

generated a strong artifact in  the imaging channel during the stimulation. Since 

the optical elements along the collection path (emission filter and the dichroic) 

should cut off the reflections from the laser, a strong component of this signal could 

be attributed to the autofluorescence excited from the intact skull. Therefore, we 

optimized the stimulation frequency (16Hz) according to the sampling rate of the 

imaging channel (50Hz) to simultaneously optogenetically-evoke a complex 

behavior and collect sufficient artifacts-free imaging frames, thus saving one frame 

over three and avoiding the blocking of the imaging readout  during the 

photostimulation period. Daily individual mask was created using the maximum 

intensity projection of the first imaging session (baseline) per animal. Masks were 

thresholded at two times the mean value of the non-transfected hemisphere. For 

each imaging session, the fluorescence ratio change (ΔF/F) was calculated 

averaging the first 50 frames before the stimulus onset (baseline fluorescence 

signal; F0). 

In vivo quantification of red-shifted GECIs average activity was performed on the 

whole field of view weekly. Only fluorescence peaks with intensity 20% higher 

than the baseline were considered. 

The full width at half-maximum spatial distribution of the fluorescence profiles 

was evaluated on the average of the three brightest frames in the imaging session. 

For the in vivo characterization of four red-shifted indicators FWHM was 

calculated over two orthogonal lines that crossed the injection sites (rostro-caudal 

and medium-lateral plane), four weeks after injection. The peak amplitude was 

evaluated as the maximum intensity value achieved in the FWHM profile.                 

In vivo jRCaMP1a and ChR2 spatial distribution was evaluated during the third 
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and fourth weeks after injection. The FWHM of the fluorescence profile was 

calculated on the resting state imaging session and over two parallel lines that 

crossed the injection sites in the mediolateral plane. 

For testing the indicator responsiveness to two different behavioural states, five 

regions of interest (ROIs, area 0.24 mm2) located on specific functional areas were 

analysed: primary and secondary motor cortex (M1 and M2), primary sensory 

cortex of barrel field and forelimb region (S1BL and S1FL) and retrosplenial 

cortex (RS). The anatomical localization of these areas was aided by using 

illustrations in a stereotaxic atlas (Paxinos and Franklin 2019). 

The correlation matrices were realized using data from a single mouse and 

analyzed by mesoscale brain explorer (MBE) software (mesoscale). Cortical 

activity correlation index (r) was related to both the synchronicity of fluctuations 

in signal intensity and the delays with which peaks occur in different areas. It was 

calculated between the following five cortical regions: (1) primary motor cortex 

(M1); (2) somatosensory representation of forelimb region (S1FL); (3) secondary 

motor cortex (M2); (4) retrosplenial cortex (RS); (5) sensory cortex in barrel-field 

region (S1BF).  The correlation matrix was calculated for both the resting state 

condition and during a motor task execution on the same mouse. The ‘resting state’ 

correlation matrix was obtained on a collated sequence of 12 randomly selected 

baseline imaging datasets. The ‘motor task’ correlation matrix was instead 

calculated on 12 of 15 consecutive retraction trials on the motor platform. Imaging 

subsets analyzed were selected based on two conditions: when the peak force 

necessary to pull the slide in an attempt managed to produce displacement of the 

slide and when it was associated with a rewarded pull. We discarded the trials 

where the paw slipped away from the slide. The scatter distribution was obtained 

by correlating the force peaks exerted by the mouse with the corresponding activity 

peaks in M1 (npeak = 19). The scatter distribution threshold was instead obtained 

averaging the maximum value of the intensity peaks in resting state condition (npeak 

= 19). 
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Single-pulse correlation was performed during the third and fourth weeks after 

injection. Single-pulse laser stimulation was delivered to the cortex region on 

which there was the maximum expression level of both ChR2 and jRCaMP1a. The 

consequently evoked calcium dynamics were then extracted from a region of 

interest (ROI, area 0,24mm2) placed over the stimulation site.  

Power calibration. The optogenetic stimulus was delivered in the centre of the 

optogenetic map. The stimulus train was repeated 3 times at increasing laser power 

to select the minimum power required to evoke GRASP and TAP movements. 

Calcium dynamics (time series) were extracted from a region of interest (ROI, area 

0,24 mm2) placed over the site of stimulation. 

Movement specific calcium map. An imaging session was recorded for each site of 

the grid stimulated during the light-based motor mapping (14 x 14, 364µm 

spacing). For each acquisition, the Maximum-Intensity Projection (MIP) was 

obtained and subsequently spitted in five experimental group based on evoked-

movement category: (i) GRASP RFA movement, (ii) GRASP LFA movement, (iii) 

TAP movement. Since optogenetic maps for TAP and GRASP were obtained in 

separate experiments, there were two different groups of no-movement: (iv) 

GRASP-related no-movement and (v) TAP-related no-movement. The average 

maximum activity value was then calculated for GRASP RFA/LFA and TAP 

categories based on all MIPs, and half of that value has been used for thresholding 

the individual MIPs per experimental group. Thresholded MIPs were then 

averaged and an additional threshold of 2x SD was applied, obtaining the average 

calcium map for all five experimental groups. In order to obtain movement specific 

activity maps (MSAMs), the no-movement average calcium map was spatially 

subtracted from the related movement average calcium map per movement 

category (GRASP RFA, GRASP LFA and TAP).  

Maps overlap. The LBMM was then spatially overlaid to the related MSAM to 

assess the percentage of overlap between them, which was quantified as a 

percentage of the total dimension of both the maps used to obtain the value 

(LBMM/MSAM or MSAM/LBMM). 
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The Spatiotemporal propagation analysis was performed with custom-made 

Python (Python Software Foundation, Beaverton, Oregon, U.S.A.) scripts. In a 

pre-processing step, image sequences were masked and frames containing the laser 

stimulations were manually eliminated and replaced with their temporal linear 

interpolation. Then a Gaussian smoothing was performed along the temporal 

dimension before computing the ΔF/F0 signal. F0 was set as the average 

fluorescence value observed before the first laser stimulus. Active pixels were 

identified setting a pixel-based threshold. This threshold was set where the 

maximum value of the ΔF/F0 signal after the first laser stimulus was larger than 

the average value plus the double of the standard deviation value, both computed 

before the first stimulus. In active pixels, the time-frame corresponding to the first 

crossing of a pixel-based threshold was used to identify the timing of the response 

to the laser stimulus. For imaging acquisitions pertaining to CNQX manipulation, 

the standard deviation values used to identify the active pixels and to define the 

timing thresholds were computed solely on the data acquired before CNQX 

administration (vehicle). For the data acquired after CNQX administration, the 

average of the standard deviations computed before CNQX administration was 

employed. In all cases, the timing values were then rank-transformed. The rank 

values of the active pixels related to the same animal and the same condition were 

averaged and the standard deviation was computed, while the non-active pixel 

values were discarded. Starting from these averaged results, for data related to 

CNQX manipulation, rank distributions were computed in a region of interest 

(ROI) overlapping the optogenetic maps. The distributions before and after CNQX 

administration were then compared using Wilcoxon signed-rank test to test their 

differences. Moreover, to summarize the distribution characteristics, their medians 

and interquartile ranges were computed. Finally, to trace the propagation direction, 

for each averaged result, pixels placed along a circumference centered on the laser-

stimulated area and with varying radius were selected, discarding non-active or 

masked pixels. For each circumference radius, the averaged rank distribution was 

computed and values composing its first quintile were sub-selected. Then the 
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circular mean of the angular position (relative to the circumference center) of these 

values was computed(Mardia 1999). Finally, all the computed circular means were 

used to calculate the final, radius-dependent, circular mean and circular standard 

deviation (Mardia). 

 

 

2.12. Statistical analysis 
 

All statistical analysis was computed in OriginLab 2018 except for the Spatio-

temporal propagation analysis that was performed with custom-made Python 

scripts (Python Software Foundation, Beaverton, Oregon, U.S.A.). Data are shown 

as mean ± SEM. Parametric tests were used after the Shapiro-Wilk and 

Kolmogorov-Smirnov normality test results. The error bars and shadows in graphs 

represent the SEM. For spectral bands comparison (multiple comparisons), two-

way ANOVA with Bonferroni post-hoc test was used. For average calcium 

transient comparison (multiple comparisons) one-way ANOVA with Bonferroni 

post-hoc test was used. The level of significance was set at *p < 0.05, **p < 0.01, 

and ***p < 0.001. 
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3.1. Characterization of four red-shifted 
calcium indicators for functional wide-
field imaging  
 

 

In this section we examined four different commercially available red-shifted 

calcium indicators, characterizing their properties (brightness, width of expression 

and stability) for long-term in vivo mesoscale studies. Second, we compared the 

response of the best performing indicator under two different behavioral states, i.e 

resting state versus active behavior (execution of a motor task), to evaluate its 

sensitivity in detecting in vivo neuronal activity on multiple cortical areas 

simultaneously.  

 

 

3.1.1.  Stable expression of red-shifted indicators over  
            four weeks  
 

To assess the transduction stability of four different red-shifted GECIs 

(jRCaMP1a, jRCaMP1b, jRGECO1a, jRGECO1b) on the right cortical 

hemisphere over weeks, intraparenchymal injections of an AAV expressing one of 

the red-GECI variants was performed in adult mice (fig3.1). The expression 

stability was compared across indicators by examining 40s of resting state 

spontaneous cortical activity in the somatomotor cortex, averaged across time. 

Results showed no significant variability of the averaged activity over weeks 

except for the jRCaMP1b indicator, which failed to exhibit significant responses. 

jRCaMP1b mice showed so low activity levels to be comparable to the background 

noise. Among the other three indicators, jRGECO1a showed the best average 

values over weeks (figure 3.2, nmice = 4 exp-group). This result highlights the 

stability of these indicators for weeks after the injection. 
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Figure 3.1 Experimental timeline . AAV-GECI injection is performed at cortical level. After two 

weeks from the surgery, a metallic post is implanted. Imaging sessions is repeated weekly. At the 

end of in vivo experiments, mice are sacrificed and brain slices are analysed in wide-field microscopy. 

The ex vivo image on right is acquired by a standard confocal microscope (Nikon Eclipse TE300). 
 

 

 

 

 

Figure 3.2 Red-shifted indicators stability over four weeks.  Left, average cortical activity of four 

different red-shifted indicators across 4 weeks. Right, representative traces of in vivo fluorescence 

activity for each indicator during the fourth week. jRCaMP1a: ΔF/FW2 = 2.6 ± 0.4 %; ΔF/FW3 = 2.1 

± 0.1 %; ΔF/FW4 = 1.9 ± 0.1 %; jRCaMP1b: ΔF/FW2 = 0.6 ± 0.2 %; ΔF/FW3 = 0.5 ± 0.1 %; ΔF/FW4 = 

0.6 ± 0.2 %; jRGECO1a: ΔF/FW2 = 4.5 ± 0.6 %; ΔF/FW3 = 4.0 ± 0.1 %; ΔF/FW4 = 3.3 ± 0.7 %; 

jRGECO1b: ΔF/FW2 = 2.9 ± 0.4 %; ΔF/FW3 = 3.0 ± 0.4 %; ΔF/FW4 = 2.2 ± 0.3 %; Threshold: ΔF/FW2 

= 1.3 ± 0.2 %; ΔF/FW3 = 1.4 ± 0.3 %; ΔF/FW4 = 1.2 ± 0.3 %). Values are reported as average ± SEM 
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3.1.2.  In vivo brightness comparison between four  
            red-shifted GECIs  
 

Four weeks after injection, the brightness of fluorescence was quantified by 

examining the three brightest frames in resting state. The pixel values were 

obtained along both a rostro-caudal and a medio-lateral line passing through the 

site of injection for each indicator (fig3.3a). On the spatial fluorescence profiles, 

the full width at half maximum (FWHM) and the peak amplitude was evaluated 

(fig2.4a). Our results showed that the fluorescence distribution was isotropic from 

the injection site along both the planes for all the indicators. Additionally, 

jRCaMP1a and jRGECO1b exhibited the largest in vivo spatial distribution on 

both rostro-caudal (RC) and medio-lateral (ML) plane (fig3.3b, results in table 1. 

jRCaMP1b fluorescence was comparable to noise values). jRCaMP1a also 

produced the brightest basal level of fluorescence (fig3.3c, results in table 1). 

Taken together, these results showed that the spatial distribution of the jRCaMP1a 

indicator was significantly larger than the other. 

 

 

3.1.3.  Characterization of expression profiles on  
            histological brain slices  
 

To finely quantify the indicators expression profile throughout the entire right 

hemisphere, the ex vivo rostro-caudal extension of the transfection and its 

fluorescence level was assessed. Our results confirmed that three out of four 

indicators were successfully transfected, while the expression level of jRCaMP1b 

indicator was not detectable in our analysis (fig3.4a). Compared to the other 

indicators, jRCaMP1a construct showed both the widest ex vivo transfection at 

cortical level (fig3.4b, results in table 2; nmice = 4 exp-group); and the best signal 

to noise ratio (fig3.4c and table 2). Consistent with other results in this study, 

jRCaMP1a resulted as the highest performing indicator for mesoscale imaging. 
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Figure 3.3: In vivo brightness quantification of four different red-shifted indicators.  (a) 

Representative images of fluorescence spatial distribution for each indicator. On the bottom and on 

the left of each image, the fluorescence profiles along both the medium-lateral and rostro-caudal 

plane are reported. Scale bar, 1 mm. (b) Full width at half maximum (FWHM) of fluorescence 

profiles along both rostro-caudal (left) and medio-lateral plane (right) per indicator, four weeks after 

surgery. (c) Average F/F values of fluorescence profile, four weeks after AAV injection. Values 

reported as average ± SEM.  
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Figure 3.4: Ex vivo characterization of red-shifted calcium indicators.  (a) Representative brain 

slice sequences showing rostro-caudal extension of transfection for the indicators. The images are 

selected at the same distance from bregma (from + 0,02 mm to – 2,06 mm relative to bregma) one 

month after AAV injection. The red rectangle shows the ROI used for signal-to-noise ratio analysis. 

(b) Average rostro-caudal extension of transfection (c) Signal-to-noise ratio for each indicator. For 

SNR comparison, one-way ANOVA followed by the Bonferroni test is used: * P < 0,05. ** P < 0,01. 

*** P < 0,001. Values are reported as average ± SEM. Scale bar, 1mm. 
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FWHM – RC 

(mm) 

FWHM – LM 

(mm) 
F/F 

% 
    

jRCaMP1a 3.7 ± 1.3 2.6 ± 0.6 5.1 ± 1.5 

jRGECO1a 1.5 ± 0.4 1.1 ± 0.1 1.9 ± 0.3 

jRGECO1b 4.2 ± 1.4 2.3 ± 1.0 1.9 ± 0.5 

 

 

 

 

 

 

 

 

 
Extension 

(mm) 

SNR 

   

jRCaMP1a 2.6 ± 0.2 9.4 ± 1.1 

jRCaMP1b 0 ± 0.1 1.1 ± 0.1 

jRGECO1a 2.3 ± 0.4 4.2 ± 0.1 

jRGECO1b 2.8 ± 1.2 4.5 ± 1.1 

 

 

 

 

 

 

 

 

 

 

Table 1. In-vivo comparison among subgroups of the fluorescence profiles.  

               Values reported as average ± SEM.  

Table 2. Ex-vivo comparison of fuor red-shifted calcium indicators.  

               Values reported as average ± SEM.  
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3.1.4.  Evaluation of motor task-evoked jRCaMP1a  
            response   
 

The sensitivity of jRCaMP1a was further tested by studying motor cortex response 

evoked by the execution of a motor task. We monitored the neuronal activity for 

four weeks in resting state before the training on a robotic device (M-platform 

(Spalletti et al. 2013). The robotic platform allowed to record simultaneously the 

force and position of the left forelimb while monitoring the contralateral cortical 

activity (fig3.5b-c and fig3.6a). The motor task consisted of 15 consecutive active 

retractions of left forelimb. Once reaching the target position (the left limb was 

fully-retracted), the mouse received a milk reward. This training session was 

performed daily for 5 days. 

Five different functional areas were selected for the analysis: M1, M2, RS, S1FL 

and S1BF (fig3.5a).  The neuronal activity correlation matrices were computed for 

both the resting state and during task execution. In the last case, we selected only 

the timeframes of the imaging dataset corresponding to force peaks associated with 

forelimb movements (peak 4 in fig.3.5d). The forelimb retraction produced a 

strong positive change in fluorescence signal, highlighting a high and widespread 

correlation of neuronal activity during the motor task compared to resting state. 

The higher variation of correlation index took place between two ROIs pairs: R-

M2/R-S1FL and R-RS/R-S1FL (fig3.6b). We also analyzed the strength of the 

motor cortex evoked response associated with a broad range of forces applied. 

Interestingly, we found that when the force applied during the active retraction by 

the forelimb has small intensity, the M1 activity associated was detectable and 

slightly higher than the average value measured in resting state condition. As the 

applied force increases, the maximum activity of M1 increases linearly (fig3.6c). 

In conclusion, the extension of jRCaMP1a transfection covered an area large 

enough to simultaneously record neuronal activity on cortical regions  
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Figure 3.5: Motor task-evoked M1 cortical response  (a) Representation of both the position of 

our field of view on the right hemisphere (right) and the 5 cortical functional areas used for the 

correlation matrixes (left). The ROIs are primary and secondary motor cortex (M1 and M2, green 

and black respectively), primary sensory cortex in barrel field and forelimb region (S1BF and S1FL, 

red and yellow respectively) and retrosplenial cortex (RS, blue). Red spot represented the bregma. 

Scale bar, 1mm. (b) Schematic view of the M-platform used for the training, which is integrated with 

the wide-field microscope. It allows simultaneous recording of three data: the force applied by 

forelimb (green), the position of left forelimb (blue) and the contralateral cortical activity as a change 

in the indicator fluorescence intensity (red). (c) Representative traces of neuronal activity recorded 

simultaneously on the 5 cortical areas during the trial shown on the bottom.    (d) Top: Representative 

force trace during a single trial in the forelimb active retraction phase. In orange the forelimb position. 

In blue the force applied by mouse. Red spots are the mice attempts to move the slide. Purple spots 

are the force peaks associated with slide movements. Black stars show the pulling associated with 

reward. Bottom: M1 calcium response recorded simultaneously with the force trace shown on top. 
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Figure 3.6: Motor task evoked cortical activity (a) Representative image sequence of cortical 

activation during a rewarded pull over 480 ms. The black dot indicates bregma. Scale bar: 1mm (b) 

Linear average correlation matrices between five selected ROIs, obtained during both resting state 

condition (left, ntrials = 12) and the last day of motor task execution (right, ntrials = 12) in the same 

mouse. (c) Scatter distribution of the relationship between the M1 fluorescence activity and the 

corresponding force peak during the last day of training (nmice = 1, npeak = 19). The black line shows 

the best fit (intercept = 2.1 ± 0.5, slope = 5 ± 1). Orange dashed line is the threshold, which is 

measured as the average of M1 maximum activity in resting state condition in the same mouse (npeak 

= 19; ΔF/F = 2.06). Values reported as average ± SEM. 
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several millimetres distant from the injection site (fig3.5a). Moreover, jRCaMP1a 

sensitivity was strong enough to visualize resting state activity, which we  

compared to the neuronal activity associated with the execution of a complex 

movement. 
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3.2. Development of a crosstalk free 
mesoscale all-optical system  
 
 
In the previous chapter we selected the most performing red-shifted GECI for one-

photon imaging, jRCaMP1a. In this section, we developed an experimental 

approach for simultaneous large-scale all-optical manipulation and recording of 

mouse motor cortex in vivo by combining one-photon imaging of jRCaMP1a with 

laser stimulation of ChR2.  

.  

3.2.1.  Experimental design to perform parallel  
            calcium imaging and light-based motor  
            mapping in awake mice   
 

In mice expressing the optogenetic actuator ChR2 in the motor cortex, several 

classes of limb movements can be evoked depending on the cortical site stimulated 

(Ayling et al. 2009; Hira et al. 2009; Hira et al. 2015). For investigating large-scale 

cortical activation dynamics underlying optogenetically evoked-movements with 

low invasiveness, an all-optical system to simultaneously monitor and manipulate 

neuronal activity is required. Therefore, we performed a double-path illumination 

of both AAV9-Syn-jRCaMP1a and AAV9-CaMKII-ChR2, which were 

transduced on the frontal right cortical hemisphere. The illumination system was 

integrated into a custom-made wide-field fluorescence microscope allowing laser 

stimulation of the opsin and cortical imaging of the red-shifted GECI (fig3.7a).   

Achieving a wide and stable expression of the all-optical system was crucial to 

perform reliable mesoscale motor mapping and imaging, thus the transfection 

extension was evaluated along 4 weeks starting from the second week after the 

viral injection. The FWHM of the spatial fluorescence profiles were measured for 

two mediolateral planes which crossed the injection sites (fig.3.7b, data in table 3; 
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n=7). Consistent with other results in this study, chapter 3.1. (Montagni, Resta, 

Conti, et al. 2019), ChR2 and jRCaMP1a showed a highly stable and wide 

expression over time that covered all the motor cortices of the right hemisphere. 

Besides, to finely quantify the expression profile of synapsin-targeted jRCaMP1a 

in cortical neurons, brain slices of transfected mice (4 weeks after viral injection) 

were stained with the neuronal marker NeuN, revealing that the jRCaMP1a+ 

neurons were 70.2 ± 4.9 % of all labeled cells (fig3.8; n=4). In conclusion, these 

results suggested that the double transduction of ChR2 and jRCaMP1a was wide 

enough to cover distinct cortical areas over the motor cortex. Moreover, the 

expression levels of both jRCaMP1a and ChR2 were maintained stable several 

weeks after injection.  

 

 

3.2.2.  Wide-field imaging of jRCaMP1a does not  
            induce ChR2 cross-activation  
 

For evaluating the cross-activation of ChR2 during wide-field one-photon imaging 

of jRCaMP1a (LED 595 nm), the local field potential (LFP) in layer 5 (L5) of 

jRCaMP1a+/ChR2+ mouse motor cortex was recorded during a randomly started 

pattern of led ON / led OFF (2 seconds each, 4,5 mW). Peristimulus analysis (-2 s 

to +2 s from the LED ON trigger) showed no changes in the average LFP signal 

(fig3.9a, nstimuli = 10; black line = average signal). Moreover, the normalized power 

content of the standard neurophysiological spectral bands, δ, θ, α, β and γ did not 

show significant difference (δ OFF = 0.377 ± 0.110; δ ON = 0.531 ± 0.169; θ OFF 

= 0.182 ± 0.106; θ ON = 0.182 ± 0.105; α OFF = 0.027 ± 0.016; α ON = 0.047 ± 

0.026; β OFF = 0.043 ± 0.024; β ON = 0.105 ± 0.071; γ OFF = 0.008 ± 0.004; γ 

ON = 0.01 ± 0.007; n = 10) (fig3.9b and c), highlighting that there were not 

relevant neurophysiological alterations caused by imaging cross-activation. 
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Figure 3.7: In vivo experimental design validation.  (a) Schematic representation of the wide-field 

fluorescence microscope implemented by the double-path illumination system. (b) Left, 

representative image of in vivo jRCaMP1a spatial distribution. The fluorescence profile along the 

medium-lateral plane is reported for both the injection sites (RFA and CFA, on the top and on the 

bottom of the image respectively). Right, in vivo FWHM of jRCaMP1a (red) and ChR2 (blue) spatial 

distribution along two mediolateral planes passing through RFA (n = 7; solid line) and CFA (n = 7; 

dashed line) injection site respectively. Values reported as average ± SEM. Black dot is the bregma. 

Scale bar, 1 mm.  
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Figure 3.8: Immunohistochemistry quantification.  Representative immunohistochemistry images 

showing the expression of NeuN (yellow), jRCaMP1a (red) and ChR2 (blue) in neurons of the motor 

cortex. Bottom-right, quantification of the colocalization ratio jRCaMP1a+/NeuN+ (n=4), scale bar 

= 200 um. 
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3.2.3.  Stimulation of ChR2 does not induce  
            alteration of jRCaMP1a fluorescence  
 

Although the reduced crosstalk between ChR2 and jRCaMP1a was already 

demonstrated in a 2P configuration (Forli et al. 2018), we evaluated whether the 

laser (473 nm) used for optogenetic stimulation altered the jRCaMP1a signal at 

mesoscale level. Single laser pulses at increasing intensity were delivered in both 

mice expressing (jRCaMP1a+/ChR2+) or lacking the optogenetic actuator 

(jRCaMP1a+/ChR2-) (fig3.10a). Our results showed a clear asymptotic increase of 

the jRCaMP1a response in jRCaMP1a+/ChR2+ mice (0.2 mW = 0.7 ± 0.1 ΔF/F; 

1.3 mW = 2.5 ± 0.5 ΔF/F; 2.5mW = 3.7 ± 0,6 ΔF/F; 5.2 mW = 4.8 ± 0.7; 7.6 mW 

= 5.4 ± 0.7; 13.2 mW = 6.1 ± 0.6 ΔF/F; 21.1 mW = 6.8 ± 0.7 mW; n = 8). 

Conversely, there was not jRCaMP1a response up to 20mW of laser pulse in 

jRCaMP1a+/ChR2- mice (0.2 mW = 0.118 ± 0.429 ΔF/F; 1.3 mW = -0.259 ± 0.213 

ΔF/F; 2.5 mW = -0.068 ± 0.007 ΔF/F; 13.2 mW = -0.088 ± 0.058 ΔF/F; 21.1 mW 

= 0.156 ± 0.248 ΔF/F; n = 2). We also evaluated the jRCaMP1a maximum 

response to single pulse optogenetic stimulation over weeks in jRCaMP1a+/ChR2+ 

mice (fig3.10c; data in table 4 ).  Our results showed that calcium response to 

optogenetic stimulation did not change between weeks highlighting a long-term 

stability of both the calcium indicator and the optogenetic actuator. In conclusion, 

we confirmed that the double expression of jRCaMP1a and ChR2 combined with 

single-photon wide-field represented a stable and cross-activation free mesoscale 

all-optical system.  
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Figure 3.9: ChR2 cross-activation during jRCaMP1a wide-field imaging.  (a) Representative 

traces showing the LFP signal (gray; n = 10) during 2 s of stimulus (LED ON) period (average trace 

in black). (b) Bar graph showing the spectral band relative power quantification during 2 s of peri-

stimulus period (n = 4 mice; 10 stimuli per mice). Columns represent the averaged relative power for 

LFP frequency bands (𝚫; 𝚹; 𝛂; 𝛃; 𝜸) during the dark period (-2 - 0 s; patterned) and the LED ON 

period (0 - 2 s; monochrome). (c) Representative averaged LFP power spectrum in the dark period 

(grey) and during the LED ON stimulus (Yellow). Data are presented as means ± SEM, for frequency 

bands comparison two-way ANOVA with Bonferroni post-hoc test was used. 
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Figure 3.10: jRCaMP1a cross-activation during optogenetic stimulation.  (a) Representative 

traces showing the average calcium response (black) and the SEM (shadows) at increasing laser 

power (0,1 – 12 mW) in mice expressing jRCaMP1a + ChR2 (blue) and only jRCaMP1a (red). (b) 

Correlation of evoked calcium activity and single pulse laser power in mice expressing 

jRCaMP1a+/ChR2+ (blue; n = 8) and jRCaMP1a+/ChR2- (red; n= 2). (c) Correlation of the calcium 

activity evoked by single pulse laser stimulation between the third (green) and the fourth (yellow) 

week after injection in jRCaMP1a+/ChR2- mice. Data are presented as means ± SEM. 
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 Week 

 3th (mm) 4th (mm) 5th (mm) 6th  (mm) 
     

RFA - jRCaMP1a 1.86 ± 0.06 1.89 ± 0.05 1.97 ± 0.07 1.92 ± 0.06 

RFA - ChR2 1.86 ± 0.06 1.92 ± 0.12 1.93 ± 0.08 1.81 ± 0.11 

CFA - jRCaMP1a 2.25 ± 0.09 2.32 ± 0.11 2.31 ± 0.09 2.30 ± 0.12 

CFA - ChR2 2.26 ± 0.18 2.38 ± 0.16 2.23 ± 0.11 2.22 ± 0.18 

 

 

 

 

 

      Table 4. jRCaMP1a maximum response to single pulse optogenetic stimulation over weeks in    

                      jRCaMP1a+/ChR2+ mice. Values reported as average ± SEM 

 

 

 

 

 

 

 

 Laser power 

 0.2mW 2.5mW 5.2mW 7.6mW 13.2mW  21.2mW 
       

WEEK 3th 

ΔF/F (%) 
0.7 ± 0.1 3.7 ± 0.6 5.0 ± 0.8 5.9 ± 0.7 6.3 ± 0.7 6.5 ± 0.7 

WEEK4th 

ΔF/F (%) 
0.7 ± 0.2 3.8 ± 0.6 4.8 ± 0.7 5.4 ± 0.7 5.8 ± 0.7 6.1 ± 0.6 

Table 3. In vivo FWHM of jRCaMP1a and ChR2 spatial distribution along two mediolateral                

                planes passing through RFA and CFA. Values reported as average ± SEM 
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3.3. Mapping movement-specific 
spatiotemporal cortical activation 
 

 

CFA and RFA of the motor cortex play critical roles in complex movement 

generation. In this section, we exploited the wide-field all-optical approach 

validated in the previous chapters to causally investigate both the functional 

connectivity between RFA and CFA and the cortical activity patterns driving two 

different optogenetically-evoked complex movements, a grasp-like movement and 

a locomotion-like movement.  

 

 

3.3.1.  Mesoscale movement-specific calcium  
           dynamics detected by light-based motor  
           mapping   
 

Using the mesoscale all-optical system developed in the past chapters has been 

possible to study cortical activity dynamics underlying optogenetically-evoked 

complex movements in awake mice transduced with AAV9-Syn-jRCaMP1a and 

AAV9-CaMKII-ChR2 on the right cortical hemisphere.   

To map the cortical representation of two evoked complex movements (GRASP 

and TAP), we used a stimulation pattern composed of 10 ms of laser pulse at a 

frequency of 16 Hz for 2 s. Light-based motor mapping started from the stereotaxic 

references for the Rostral Forelimb Area (RFA; + 2 mm AP, +1.25 mm LM) and 

the Caudal Forelimb Area (CFA; + 0.25 mm AP, + 1.5 mm LM) that are reported 

to induce the GRASP and the TAP forelimb movements respectively (Tennant et 

al. 2011; Hira, Ohkubo, Ozawa, et al. 2013; Hira et al. 2015). Stimulation with 

increasing laser power was used to identify the mouse-specific minimum power 

required to elicit a clear motor behavior in a 2 s stimulation session (fig.3.11a and 
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b). Although there was high variability of the minimum laser power between mice 

(fig3.11c, from 1.3 mW to 13.2 mW), our results showed a limited variability in 

the evoked-calcium response highlighting instead a stereotyped and reproducible 

spatiotemporal propagation of calcium dynamics across mice per movement 

(fig3.11c; GRASP average ΔF/Fpeak = 15.5 ±  1 %; TAP average ΔF/Fpeak = 12.7 ± 

1 %;  n = 11). The wide range of laser power required across mice was probably 

ascribable to both biological differences and ChR2 local concentration. 

Subsequently, to assess a correlation between the laser power and the evoked-

calcium response intensity, the optogenetically-evoked jRCaMP1a peak amplitude 

recorded from a ROI centred in the stimulation site was related to the laser power 

used. Interestingly, no linear relationship was observed across subjects (fig.3.12a; 

TAPintercept = 16.7 ± 1.8; TAPslope = -0.3 ± 0.4; GRASPintercept = 11.4 ± 1.7; 

GRASPslope = 0.2 ± 0.2; n = 11). The mouse- and movement-specific minimum 

laser power was then used to perform light-based motor mapping of GRASP and 

TAP cortical representations. Mouse-specific LBMMs were aligned and overlaid 

for evaluating the mean position of the LBMM center of gravity per movement 

category (fig.3.12b; GRASPRC = 1.8  ± 0.2 mm; GRASPLM = 1.8 ± 0.2 mm; TAPRC 

= -1 ± 0.2 mm; TAPLM = 1.6 ± 0.2 mm; n = 8).  

 

 

 

3.3.2.  Distinct functional modules are involved in  
            the processing of optogenetically evoked    
            movements within motor cortex 
 

To study the cortical activation feature underneath the optogenetically-evoked 

complex movements, Maximum Intensity Projections (MIPs) of the calcium 

dynamic recorded during the optogenetic-stimulation of both GRASP and TAP  
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Figure 3.11: Large scale calcium dynamics during light-based motor mapping are movement-

specific  (a) Representative average calcium responses to the optogenetic stimulus train (10 ms on; 

16 Hz; 2 s) at increasing laser powers. Yellow line represents the calcium response associated with 

the minimum laser power necessary to evoke complex movement. Blue shadow = stimulation period. 

(b) Representative wide-field image sequences of cortical activation at different laser powers. White 

dot indicates bregma. Red dot is the site of stimulus. Dashed lines show the stimulus period. Scale 

bar = 1 mm. (c) Left, Calcium responses at the minimum laser power in different animals. Mean 

calcium response per movement category in black, (TAP, n=11; GRASP, n=11). Right, 

representative image sequences of cortical activation at minimum evoking power in two opposite 

cases (low and high power. Red dot is the site of stimulus. Dashed lines show the stimulus period. 

Yellow dashed dots are the ROI analyzed. Withe dot is bregma. Scale Bar, 1mm. 
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Figure 3.12: Cortical dynamics are not influenced by laser power variability across mice.  (a) 

Linear regression between calcium peak amplitude and minimum evoking power for TAP (n = 11; 

green) and GRASP (n = 11; orange) (b) Average light-based motor maps of the right hemisphere 

motor cortex. Grasping-like movement in red and locomotion-like movement in green. Withe crosses 

represent the mean centres of gravity respect to bregma, the variability of the coordinates (standard 

error) are represented by the lengths of the crossbars (TAP, n=8; GRASP, n=8). 
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movements were obtained (fig.3.13). Average MIP obtained stimulating all the site  

inside the LBMM (fig3.13a; e.g. RFA or CFA) were subtracted from that obtained 

stimulating  the  close  no-movement-evoking  points  outside  the map  boundary 

 (fig3.13b) and the resulting difference was considered the movement-specific 

activity map (MSAM) per mouse (fig3.13c). Based on these criteria, the area 

dimension of each individual map was evaluated. Interestingly, no significant 

difference between MSAM and LBMM area dimension has been showed per 

movement category (fig3.14c; MSAMTAP = 0.53 ± 0.06 mm2; LBMMTAP = 0.40 ± 

0.04 mm2; nTAP = 8; MSAMGRASP = 0.48 ± 0.06 mm2; LBMMGRASP = 0.64 ± 0.14 

mm2; nGRASP = 7). In addition, the analysis of the MSAM and LBMM centre of 

gravity per movement category revealed a strong overlap between them across 

mice ((fig3.14b; data in table 5). These results suggested a spatial localized 

recruitment of brain areas overlapping with the LBMM per movement category. 

Consequently, the overlap percentage between MSAM and its related LBMM was 

quantified by assessing how much of the activation map was involved in the 

optogenetic map and vice versa (fig3.14d; Overlap TAPMSAM/LBMM = 54 ± 5 %; 

Overlap TAPLBMM/MSAM = 69 ± 3 %; Overlap GRASPMSAM/LBMM = 67 ± 12 %; 

Overlap GRASPLBMM/MSAM = 55 ± 4 %). Combined, these results consistently 

showed that the cortical activity elicited during the optogenetically driven forelimb 

movements was bounded in areas that overlapped with their light-based cortical 

representations. Overall, our data suggest that the movement-specific cortical 

connectivity is bounded on discrete functional modules centered on the related 

LBMMs. 
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    Table 5. Centres of mass coordinates  for  the  light-based  movement maps and the movement 

                   specific activation maps of both GRASP and TAP. Values reported as average ± SEM. 

 

 Centre of gravity coordinates 

(mm) MSAM RC MSAM LM LBMM RC LBMM LM 
     

GRASP  1.9 ± 0.2 1.7 ± 0.1 1.8 ± 0.2 1.7 ± 0.2 

TAP  -1.0 ± 0.2 1.5 ± 0.1  -1.0 ± 0.2 1.6 ± 0.2 

 

 

 

      Table 6. Centres of mass coordinates for the light-based movement maps and the movement  

                       specific activation maps of both GRASP RFA and GRASP LFA. Values reported as  

                       average ± SEM 

 

 Centre of gravity coordinates 

(mm) MSAM RC MSAM LM LBMM RC LBMM LM 
     

GRASP RFA 1.7 ± 0.1 1.9 ± 0.2 2.0 ± 0.2 1.7 ± 0.2 

GRASP LFA  0.6 ± 0.2 2.1 ± 0.1  0.6 ± 0.1 2.3 ± 0.6 

     

 

 

 

       Table 7. Multiple comparison between GRASP LFA MSAM and LBMM with the other  

                       movement category maps.Values reported as average ± SEM 

 

 Overlap 

% MSAM 

TAP 

MSAM   

GRASP RFA 

LBMM     

TAP 

LBMM 

GRASP RFA 
     

LBMM           

GRASP LFA 
 

1 ± 1 9 ± 5 3 ± 2 0 ± 1 

MSAM         

GRASP LFA 
10 ± 6 20 ± 7  20 ± 9 12 ± 5 
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Figure 3.13: Process for obtaining the movement-specific activity maps (MSAMs).  (a) Average 

calcium dynamic (yellow) obtained by stimulating the internal perimeter (white dots) of the LBMM 

(red, GRASP; green, CFA). (b) Average calcium dynamic (yellow) evoked by stimulating no-

movement points (whited dots) outside the LBMM (red, GRASP; green, TAP). (c) Representative 

movement-specific activity map (MSAM) obtained by subtracting no-movement related average 

calcium dynamic from that obtained stimulating inside the LBMM (red, GRASP; green, TAP).  
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Figure 3.14: Discreate modules of movement-specific cortical connectivity are centered on their 

relative LBMM.  (a) Representative scheme of average movement light-based representations (TAP, 

red; GRASP, green) and related average activity maps (yellow). Gray dot is bregma. Scale bar = 1 

mm (b) Centres of mass of light-based movement maps (TAP, red, n=8; GRASP, green. n=7) and 

movement specific activity maps (yellow). (c) Quantification of the LBMM (TAP, green; GRASP, 

red) and activity maps (yellow) area dimensions. (d) Quantification of the overlay between MSAM 

(yellow) and its related LBMM (light grey pattern) and vice versa (dark grey pattern, TAP, green. 

GRASP, red). Red lines correspond to means, boxes show the standard error range, whiskers length 

are the extreme data points. 
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3.3.3.  Identification of a distinct grasping 
representation module: The Lateral Forelimb Area 
(LFA)   
 

Although optogenetically-evoked movements were elicited in areas corresponding 

canonically to the RFA and CFA, our light-based motor mapping revealed two 

distinct GRASP expressing areas in half of the mice analyzed (fig3.15a). One area 

was located in the frontal position and perfectly matched the RFA. The other one 

was well separated from the first one. It was near to the lateral border of the CFA 

and we named it as the lateral forelimb area (LFA) (fig3.15a). In the remaining 

subjects (4 out of 8) a single larger map, covering both the areas, was observed 

(fig3.14a). To understand if the distinct more lateral GRASP representation was 

an extension of the RFA or represented a distinct module, we analyzed the spatial 

features of the movement-related cortical activity evoked on two GRASP motor 

maps, which were named GRASP RFA and GRASP LFA respectively. 

Consequently, in those animals presenting a single larger area, we split it into two 

smaller ones (see methods for segmentation criteria) and both MSAMs and their 

related LBMMs were re-analyzed considering the LFA as a discrete GRASP 

representation (fig3.15). Our results showed that, as for RFA and CFA, the LFA 

MSAM presented a strongly overlapping centre of gravity with that of his related 

LBMM. Moreover, both of LFA maps centre of gravity were drastically separated 

from those of the other areas reinforcing the hypothesis of separate modules 

(fig.3.15b; data in table 6). The areas dimension did not present significant 

differences (fig.3.15c; MSAMGRASP RFA = 0.44 ± 0.06 mm2; LBMMGRASP RFA = 0.31 

± 0.07 mm2; MSAMGRASP LFA = 0.61 ± 0.09 mm2; LBMMGRASP LFA = 0.26 ± 0.04 

mm2). Moreover, the spatial overlap of the LBMM with its related MSAM 

achieved high percentage values for both the movement category analyzed 

(fig3.15d; GRASP RFA = 61 ± 3 %; GRASP LFA = 77 ± 2 %), albeit the inverse 

ratio was lower (fig3.15d; GRASP RFA = 50 ± 12 %; GRASP LFA = 38 ± 6 %).  
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According to the past observation, these results confirmed a large activation of the 

LBMM following its point stimulation. In addition, the low overlap between LFA 

MSAM and LFA LBMM suggested that this grasping representation module 

expresses wide-spread connectivity. To understand whether the LFA represented 

a distinct module or it was an extension of the RFA network, we analyzed the LFA 

connectivity and its relationship with the RFA and CFA maps (fig3.16a and 3.16b, 

data in table 7). Interestingly, the three MSAM showed a strong spatial 

segregation, suggesting peculiar cortical connectivity linked to the evoked 

behavioral output. This result demonstrates that the LFA relates to a wider and 

specific intracortical connectivity. Which is different from the RFA module that is 

even avoided. In addition to the strong segregation of the GRASP LFA MSAM, 

our results also highlighted a spatially distinct representation of its LBMM. 

Surprising, average calcium transient proprieties evoked inside the GRASP LFA 

mirrored those evoked in GRASP RFA or TAP (fig.3.17; ΔF/F TAP = 13.4 ± 1 %; 

GRASP RFA = 11.1 ± 1 %; GRASP LFA = 11.8 ± 0.8 %). Moreover, the 

comparison of the average calcium transient elicited inside the GRASP LFA 

LBMM with that obtained by stimulating the adjacent sites evoking non-specific 

movements highlighted a significantly different calcium recruitment during 

complex movements (fig3.17b; TAP: Movement = 13.4 ± 1.0 % ΔF/F vs Non-

specific movement 8.3 ± 0.9 %  ΔF/F; GRASP RFA: Movement = 11.1 ± 1.0 % 

ΔF/F vs Non-specific movement 6.3 ± 0.7 % ΔF/F; GRASP LFA: Movement = 

11.8 ± 0.8 % ΔF/F vs Non-specific movement 8.1 ± 1.0 % ΔF/F). Taken together 

these results strengthen our hypothesis of three distinct modules in the motor 

cortex (RFA, LFA, and CFA) with specific optogenetic maps and effective 

connectivity. 
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Figure 3.15: Identification of the Lateral Forelimb Area (LFA) as a distinct grasping 

representation module  (a) Representative schemes of LBMM per movement category (left, 

GRASP RFA in red; right, GRASP LFA in blue) and their related MSAM (yellow). Gray dot is 

bregma. Scale bar = 1 mm. (b) Centers of mass of light-based movement maps (GRASP RFA, red; 

GRASP LFA, blue), movement specific activity maps (yellow) and their overlay (gray). (c) 

Quantification of the area dimensions of the light-based motor maps (GRASP RFA, red; GRASP 

LFA, blue) and activity maps (yellow) (n = 7, ** p<0,01 two sample t-test). (d) Quantification of the 

overlay between MSAM (yellow) and its related LBMM per movement category (GRASP RFA, red; 

GRASP LFA, blue). Red lines correspond to means, boxes show the standard error range, whiskers 

length are the extreme data points (n=7; *** p<0,001 two sample t-test). 
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Figure 3.16: Spatial segregation of both LFA LBMM and MSAM.  (a) Multiple comparison 

between GRASP LFA MSAM and the other movement category maps (n = 7). (f) Multiple 

comparison between GRASP LFA LBMM and the other movement category maps (n = 7). 
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Figure 3.17: Comparison of average calcium transient properties between movement 

categories. (a) Comparison of evoked calcium transient amplitude between movement categories (n 

= 7, non sign. one-way ANOVA) (b) Comparison of the calcium transient amplitude obtained 

stimulating within the LBMM (Movement) and outside the LBMM (non-specific movement)  per 

movement classes, n = 7, ** p<0,01 two sample t-test. 
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3.3.4.  Optogenetically-evoked GRASP RFA and  
            GRASP LFA movements show similar 
            properties 
 

 

Since we initially observed that grasp-like movements evoked in RFA or LFA 

modules were likely the same, we next examined the kinematic properties of the 

optogenetically-evoked contralateral forelimb movements. For GRASP RFA and 

GRASP LFA movements, the trajectory of the left-forelimb from its starting 

position involved an initial displacement mainly towards the midline followed by 

elevation towards the mouth (fig3.18a and 3.19a), which was often coupled with 

tongue movements and twisting of the forepaw (fig3.18c). Although, GRASP RFA 

was slightly wider in the medial-lateral plane than GRASP CFA (fig3.20; GRASP 

RFA = 12.7 ± 0.9 mm vs GRASP CFA = 11.4 ± 1.6 mm; nmice = 1, train = 5), they 

achieved the same elevation at the end of the stimulus (GRASP RFA = 8.7 ± 0.7 

mm; GRASP CFA = 8.2 ± 0.5 mm). Moreover, the movement onset was exactly 

the same (fig3.20c; GRASP RFA = 0.10 ± 0.04 s; GRASP CFA = 0.10 ±  0.04 s).  

For TAP movements instead the forelimb displacement was rhythmic (fig3.18b), 

spatially localized in the medial-lateral plane (fig3.19 and 3.20a; TAP = 5.1 ± 0.4 

mm)  and lower  than GRASP in elevation (fig3.20b; TAP = 5.3 ± 0.4 mm). TAP 

movements were also opposite in the medial-lateral directionality (fig3.18a) and 

showed a slower onset than the two GRASP (fig3.20c; TAP = 0.46 ±  0.07 mm). 

Moreover, even if the  two class of evoked-complex movements showed different 

spatial properties they were characterized by no significant difference in the 

average speed  (fig3.20d; GRASP RFA = 16.9 ± 0.7 mm/s; GRASP CFA = 18.2 ± 

1,0 mm/s; TAP = 15.0 ± 1.2 mm/s; NO-MOV = 1.2 ± 0.2 mm/s). As expected, the 

irradiation of no-movement-evoking sites in the cortex resulted in a remarkably 

reduced and non-specific forelimb displacement from its starting position 

(fig3.20a; Max lateral distance = 3.0 ± 0.8 mm; Max elevation = 0.9 ± 0.5 mm). 

Indeed, even though this type of movement showed an onset (fig3.20c; NO MOV 
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= 0,2 ± 0,07 mm), it did not involve complex spatial performance if compared to 

the other movements analyzed (fig3.18b and c).  These results are in accordance 

with the classification of the GRASP as a forepaw-to-mouth movement, and the 

TAP as a locomotion-like movement. Moreover, the strong similarity between 

GRASP RFA and GRASP CFA kinematics suggested the existence of multiple 

cortical modules evoking the same movement. Finally, stimulation of cortical 

points outside the LBMMs are related to non-specific forelimb movements.   

 

 

3.3.5.  Complex movements execution is associated             
            with specific spatiotemporal pattern of  
            activity propagation 
 

 

Spatial analysis of the activation maps highlighted that optogenetically-evoked 

complex movements were characterized by distinct modules of cortical activation. 

We then hypothesized that each module was associated with a different,  

movement-specific flow of activation through the cortex. To investigate this issue, 

we performed a spatiotemporal propagation analysis of cortical activity obtaining 

propagation maps that represent the ranked sequence of cortical activation. The 

associated polar plots describe the propagation direction (fig.3.21).  The results 

showed that during RFA stimulation there was a rapid isotropic activation of the 

area around the site of stimulus followed by a latero-caudal activation flow as 

shown in fig.3.21a. A specular rostromedial flow of activation was observed 

during CFA stimulation (fig.3.21b). Interestingly, LFA stimulation evoked a more 

complex pattern of cortical activation, which was more isotropic compared to the 

other two activations, and the analysis pipeline hardly provides a clear direction in 

the activation flow in this case (fig.3.21c). In addition, the stimulation of  
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Figure 3.18: In vivo optogenetically-evoked movements.  (a) Schematic sequence of drawings 

showing evoked movement (TAP, top; GRASP, bottom). Blue dots are the reflected laser stimuli 

representation. Red arrows indicate movement trajectories. (b) Example frames from video recording 

during a tap-like movement. Dashed white lines show and blue bar show the stimulus period. (c) 

Example frames from video recording during a grasp-like movement. Dashed white lines show and 

blue bar show the stimulus period. 
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Figure 3.19: Optogenetically-evoked complex movements trajectories  (a) Reconstruction of the 

mean trajectories per movement category evoked by 2 seconds of optogenetic stimulation of specific 

LBMM (red, GRASP RFA. Blue, GRASP CFA. Green, TAP. Light grey, non-specific movement). 

The darkest trace shows the movement trajectory during the stimulus period (2s), the lightest trace 

shows the movement trajectory post stimulation (1 s).  Dark circle indicates the forelimb start point. 

Error bars are SEM. (b) Mean forelimb displacement along the x-axis for movements showed in a. 

Dashed blue line indicates the stimulus period. (c) Mean forelimb displacement along the y-axis for 

movements showed in a. Dashed blue line indicates the stimulus period. 

 
 

-1 0 1 2 3

-5

0

5

10

15

d
is

p
la

c
e
m

e
n
t 

(m
m

)

time (s)

 GRASP RFA

 GRASP CFA

 TAP

 NO MOVEMENT

-1 0 1 2 3

-3

0

3

6

9

d
is

p
la

c
e
m

e
n
t 

(m
m

)

time (s)

 GRASP RFA

 GRASP CFA

 TAP

 Non-specific Mov

2
m

m

2mm

Elevation

Depression

Medial Lateral 

Elevation

Lateral rotation

Start 

Movements trajectoriesa

b

c



3. Results 
 

 

 

79 

 

 

 

  

Figure 3.20: Optogenetically-evoked GRASP RFA and GRASP LFA are characterized by 

similar dynamics in space.  (a) Box and whisker plots show the absolute maximum distance along 

the x-axis per movement category (red, GRASP RFA; Blue, GRASP CFA; Green, TAP; Light grey, 

non-specific movement). (b) Comparison of the absolute maximum elevation along the y-axis per 

movement category showed in a. (c) Onset profile per movement category showed in a. (d) Average 

speed recorded during the stimulus period (2 seconds) per movement category. Asterisks indicate 

significances: * P < 0.05, ** P < 0,01, *** P < 0,001 (P-value adjusted according to Bonferroni). 
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no-movement-evoking sites showed a drastically reduced spread of activation, 

compared with the results obtained by stimulation of complex movements-evoking 

sites, coupled with an unclear direction of propagation (fig.3.21d). Overall, these 

results revealed that different complex movements were linked with specific 

spatiotemporal patterns of activity propagation, reinforcing the hypothesis that 

LFA relates to a specific grasping evoking module. In addition, these results 

showed that movement-related cortical areas stimulation led to a larger flow of 

activation compared to non-movements-evoking areas, suggesting the persistence 

of a more complex cortico-cortical connectivity associated with movement 

execution. 

 
 
 
3.3.6.  Connectivity features associated with evoked  
            complex movements are disrupted by  
            excitatory synaptic block 

 

Spatiotemporal analysis showed in the past chapters suggested a progressive 

engagement of specific regions in the motor cortex underlying complex 

movements execution. A common strategy to dissect the role of different 

functional nodes in a neuronal network is the pharmacological synaptic 

transmission interference, in particular using glutamatergic excitatory transmission 

antagonist (Vinokurova et al. 2018). To investigate both the module local 

connectivity and the reciprocal modules interaction during optogenetic-evoked 

movement execution, we performed a module-specific block of the excitatory 

synaptic transmission using topical application of the AMPA/kainate receptor 

antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) on the cortical surface 

(fig3.22a) (Harrison et al. 2012; Spalletti et al. 2017). Our results showed that 

CNQX application in RFA reduced the extension of the GRASP RFA activated  
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area (fig3.22b; Activated areavehicle = 0. 058 ± 0.013 mm2 vs 30’ Activated areaCNQX  

= 0.026 ± 0.014 mm2; p = 0.043; n = 3) and slightly slows down the activation 

dynamics  (fig3.22c; Peak ampvehicle = 14.72 ± 4.20 ΔF/F; Peak ampCNQX = 11.62 

± 3.66 ΔF/F, p = 0.042; n = 3). Similar results were obtained by applying CNQX 

in CFA (fig3.22b-c; Activated areavehicle = 0.12 ± 0.01 mm2 vs 30’ Activated 

areaCNQX = 0.093 ± 0.026 mm2; p = 0.044; Peak ampvehicle = 25.80 ± 1.31 ΔF/F; 

Peak ampCNQX = 21.26 ± 0.63 ΔF/F, p = 0.044; n = 3 ). Moreover, the effect of the 

local block of the excitatory synaptic transmission on the movement-specific 

spatiotemporal features of cortical activation (fig3.23a) was assessed analyzing the 

median (med) and the interquartile range (IQR) of the pixel rank distribution on a 

ROI obtained by overlapping the light-based motor map, before and after CNQX 

application (fig3.23b; GRASP-medvehicle = 3.5; GRASP-medCNQX = 4.0; GRASP-

IQRvehicle = 3.0; GRASP-IQRCNQX = 4.5; TAP-medvehicle = 1.5; TAP-medCNQX = 2.0; 

TAP-IQRvehicle = 0.5; TAP-IQRCNQX = 1.0; p = 0.0001; n = 3). These results 

highlight an increase in both the median and IQR after the pharmacological 

interference for both movements suggesting a slower and more disorganized 

propagation of the cortical activity respectively. Interestingly, these results 

correlate with the behavioral outcome disruption caused by the pharmacological 

interference (fig.3.23c). Indeed, as previously reported by Harrison et al., 2012, 

CNQX application leads to faults and distortions in movement execution, until the 

complete extinction of a clearly recognizable complex movement. As summarized 

in fig.3.23c CNQX application in RFA resulted in a block of grasping-like 

execution while preserving the CFA-evoked locomotion-like movement and vice 

versa. Taken together these results demonstrated that optogenetic stimulation of 

movement representation areas was not enough to generate a correct movement 

execution but rather an effective cortico-cortical connectivity was required to 

evoke motor behaviours and that GRASP RFA and TAP were driven by two 

independent cortical modules. 
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Fig.3.21: Cortical activity propagation analysis reveals movements-specific spatiotemporal 

activation maps and flow direction. (a) Left panel, average map of the spatiotemporal activity 

propagation during GRASP RFA stimulation. Right, polar plot, centred on the stimulation site, 

showing the average propagation direction. Radius-dependent circular mean and circular standard 

deviation in blue. As in (a) spatiotemporal activity propagation maps and polar plots are shown in 

(b), (c) and (d) for TAP, GRASP LFA and in a no-evoking-movement site respectively. Black dot 

represents bregma. Scale bars = 1 mm. Color bar = pixel ranks from 0 to >11. 
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Figure 

3.22: Local connectivity is disturbed by excitatory synaptic block.  (a)  Representative MIP 

showing cortical activation during vehicles (left) and 30’ after CNQX application (right) in RFA 

(top) and CFA (bottom). The cross represents the stimulus site. The red dot shows the CNQX 

injection site. (b) Quantification of the effect of CNQX topical application on MSAM extension in 

RFA (top) and CFA (bottom). (c) Averaged evoked calcium transients profile in vehicle and 

following CNQX topical application in RFA (top) and CFA (bottom). Shadows represent the s.e.m. 

Asterisks indicate significances: * P < 0.05. 
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Figure 3.23: Excitatory synaptic block leads to complex movement interference.  Representative 

activity propagation maps of GRASP RFA (a) and TAP (b) showing the effect of CNQX topical 

application. Bright areas represent the LBMM. Scale bar = 1 mm. Color bar = pixel ranks from 0 to 

<11. Grey dot represents bregma. (c) Pixel rank distribution of the region corresponding to the 

LBMM (bright) for GRASP RFA (top) and TAP (bottom), before (green) and after (blue) CNQX 

topical application (n = 3). Med: median, IQR: interquartile range. Wilcoxon signed-rank test. (d) 

Table summarizing the behavioral outcome of different combinations of CNQX application and 

optogenetic stimulation sites. Data are shown as mean ± s.e.m.,  
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3.3.7.  LFA and RFA are two independents cortical  
            modules 

      

Connectivity analysis suggests that the three identified functional modules activate 

distinct cortical regions during evoked movement execution. Moreover, the 

excitatory synaptic block experiments confirmed that GRASP RFA and TAP are 

represented by two independent modules in the motor cortex. In order to further 

study the relationship between LFA and RFA we stimulated LFA during RFA 

pharmacological block (fig3.24a). In this case, there was no significant difference 

in activated area dimension (Activated areavehicle = 0.12 ± 0.01 mm2 vs 30’ 

Activated areaCNQX = 0.11 ± 0.02 mm2; p = 0.75; n = 3) and in activation dynamics 

(data not shown)(fig.3.24b-c). Moreover, the RFA pharmacological block did not 

modify the pixel rank distribution (GRASP LFA-medRFA-vehicle = 2.0; GRASP LFA-

medRFA-CNQX = 2.0; GRASP LFA-IQRRFA-vehicle = 1.0; GRASP LFA-IQRFA-CNQX = 

1.0; p = 0.0001; n = 3) of the LFA spatiotemporal activation map (fig.3.23d-e). 

Interestingly, all the preserved cortical connectivity features of the LFA 

stimulation correlated with the successful execution of the grasping-like 

movement following LFA stimulation, while the blocked RFA failed to express 

grasping behaviour (fig3.24f). These results strongly suggest that the LFA 

expresses the grasping-like movement independently from the RFA connectivity. 
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Figure 3.24: LFA grasping expression is independent from RFA connectivity.  (a) Representative 

MIPs showing cortical activation during optogenetic stimulus in LFA during RFA application of 

vehicle (left) and CNQX (right). (b) Quantification of the activated area extension. (c) Averaged 

calcium response to optogenetic stimulus in vehicle (blue) and 30’ after CNQX application in RFA 

(grey). (d) Representative maps of the relative spatio-temporal progression of GRASP LFA cortical 

activation before and 30’ after CNQX in RFA. (e) Distribution of pixel rank values of the relative 

spatio-temporal progression of cortical activation inside the light-based GRASP LFA map before 

(green) and after (blue) CNQX application in RFA. Med: median, IQR: interquartile range. Wilcoxon 

signed-rank test. (f) Table summarizing the behavioral outcome. Data are presented as means ± s.e.m. 
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In this thesis, by exploiting a large-scale all-optical approach we showed clear 

evidence of the functionally independent organization of different modules in the 

motor cortex, demonstrating their direct contribution to well-defined complex 

movements. Furthermore, we found that evoking movements by cortical 

stimulation required an effective local connectivity which involves a high 

percentage of its related light-based motor map. Importantly, we identified a third 

functionally independent cortical module, named LFA, suggesting that the 

lateralization of RFA-related LBMMs may involve two defined cortical modules 

characterized by the same connections at the corticospinal level.  

 
 

 

4.1. jRCaMP1a as the best red-shifted 
calcium indicator for large-scale 
cortical studies 

 

First, we performed in vivo and ex vivo characterization of four red-shifted GECIs 

(jRCaMP1a, jRCaMP1b, jRGECO1a, jRGECO1b) AAV-transduced in cortical 

neurons. Red-GECIs transfection stability was examined in awake, head-fixed 

mice over weeks after the injection. Although jRCaMP1b failed to exhibit 

significant response compared to the background activity, the other three 

indicators stably tracked cortical activity dynamics across weeks. We showed only 

a slight, statistically non-significant, reduction of average ΔF/F signal along four 

weeks. Even if mice were acclimated to the environment for a few minutes before 

each imaging session, the decrease might still be due to changes in animal 

emotional state over days and weeks (fig3.2). Previous studies have analyzed red-

shifted GECIs sensitivity in cultured neurons or in mice using 2P microscopy 

(Forli et al. 2018; Dana et al. 2016; Akerboom et al. 2013). These studies did not 

demonstrate transfection stability across time in wide-field configuration. We 
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showed instead that red-shifted GECIs can be successfully used for long-term 

mesoscale studies of neuronal activity. jRGECO1a indicator (mApple based) 

showed the highest response amplitude (fig3.2), in agreement with previous 

studies in which it was identified as the most sensitive indicator with faster rise 

and decay kinetics than others (Akerboom, Carreras Calderón et al. 2013, Dana, 

Mohar et al. 2016). Nevertheless, mApple based-indicators (jRGECO1a and 

jRGECO1b) are not suited for use in optogenetic experiments involving blue 

activated opsins, due to their light-dependent photoswitching behaviour when 

illuminated by blue light (Akerboom, Carreras Calderón et al. 2013, Dana, Mohar 

et al. 2016). 

Mesoscale imaging of different brain regions simultaneously requires a wide 

coverage of the cortex with fluorescence indicators. Transgenic lines would be one 

of the best choices to achieve this result. However, only a few indicators are 

associated with a transgenic line. Consequently, viral transduction is the only 

option in those cases. Here, we demonstrated that for two out of four indicators 

(jRCaMP1a and jRGECO1b) the local injection of 500nl of viral construct allowed 

to transfect a cortical area of approximately 3,7mm in vivo (fig3.3b) and 2,6mm ex 

vivo (fig3.4b) on the rostro-caudal plane, which was wide enough to perform 

imaging on several functional regions, covering entirely the motor cortices. 

Moreover, jRCaMP1a exhibited both the brightest in vivo basal level of 

fluorescence (fig3.3c) and the best ex vivo signal-to-noise ratio (fig3.4c), which is 

associable with a high in situ transduction level. Our result agrees with previous 

two-photon studies where jRCaMP1a was identified as the brightest indicator in 

the calcium-bond state (Dana, Mohar et al. 2016,. Taken together all these results 

allowed us to identify jRCaMP1a as the most suitable indicator for mesoscale 

studies of in vivo cortical activity, especially if imaging is associated with 

optogenetic stimulation.  

Since jRCaMP1a transfection allowed the direct visualization of multiple cortical 

regions, we tracked the spatiotemporal features of the calcium transients across 

several functional areas over one hemisphere. We took advantage of a goal-
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directed motor task involving the retraction of the contralateral forelimb, to 

evaluate the jRCaMP1a sensitiveness under different behavioral states. The 

cortical areas analyzed were: (i) M1. The primary motor cortex is associated with 

movement directionality, direct muscle control, pattern generation and high-level 

coordinated transformations during movement generation and execution (Papale 

and Hooks 2018; Omrani et al. 2017; Shenoy K. V. et al. 2013; Graziano M.S.A. 

et al. 2002); (ii) M2. The secondary motor cortex is the main drive for goal-directed 

movement and plays a fundamental role in learning and orchestration of complex 

movements(Makino et al. 2017). It receives sensory afferences and has reciprocal 

connection with retrosplenial cortex (Barthas and Kwan 2017); (iii) S1FL. Sensory 

feedbacks from S1FL to M1 are considered critical in driving learned movements 

(Petrof et al. 2015; Mathis et al. 2017); (iv) RS is involved in motor control and 

sensorimotor integration too (Makino et al. 2017; Vann et al. 2009);  (v) S1BF is 

principally involved in whisker-dependent behaviors, thus functional activity in 

this region should not be primarily involved in forelimb pulling movements 

(Petersen 2007). Results confirm the involvement of the retrosplenial and 

sensorimotor regions in movement control, in line with previously studies (Mathis 

et al. 2017; Omrani et al. 2016). The correlation matrices showed that S1BF has 

the lowest correlation degree with the other functional areas during active forelimb 

retraction (fig3.6b). We also revealed a global increase in the correlation index 

values during the task compared to the resting state for each ROIs pair. 

Interestingly, our results demonstrated that jRCaMP1a can be successfully applied 

to study the cortical dynamics in several functional areas simultaneously, enabling 

the differentiation across cortical regions in the response evoked by a motor-task 

(fig3.6b). In the final phase of this study, we performed a preliminar correlation of 

the neuronal activity in M1 with the force applied during the active retraction phase 

of the motor task. Past studies showed that the activity of corticomotoneuronal 

cells increased linearly with the modulation of the force level (Cheney and Fetz 

1980). According to these studies, we observed  a strong linear correlation of M1 

neuronal dynamics and the force applied by the mouse (fig3.6c).  
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Since the viral transfection labels neurons throughout the entire cortex and given 

that wide-field microscopy cannot provide any optical sectioning, the contribution 

of each layer to the cortical activity detected is hardly quantifiable. Nevertheless, 

the highest contribution probably comes from superficial layers of the cortex, since 

photons originating from deep layers are likely to be scattered away by the tissue 

before reaching the detector.  

In conclusion, we demonstrated that jRCaMP1a transfection with AAV9 is wide, 

covering a large portion of one hemisphere and shows a high signal to noise ratio 

that allows simultaneous recording of resting state and motor-evoked cortical 

activity over several functional areas. Due to the minimized crosstalk of red-shifted 

GECIs (m-Ruby based) with blue opsins, these findings open a new avenue for 

the  longitudinal imaging of optogenetically manipulated neuronal circuits over 

large portions of the cortex. 
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4.2.  All-optical crosstalk-free  
manipulation and readout  
of cortical dynamics 

 

We developed a one-photon all-optical strategy for detecting large-scale 

stimulated cortical dynamics in vivo by combining simultaneous light-sensitive 

opsin excitation (ChR2) and red-shifted GECI imaging (jRCaMP1a). To this aim, 

we first validated our strategy and achieved a widespread and stable transduction 

of both optogenetic actuator and fluorescence reporter over one hemisphere by 

exploiting a double injection of two AAV viruses. Consistent with our previous 

study (Montagni et al., 2018), we demonstrated a stable expression of both ChR2 

and jRCaMP1a over the motor cortices of the right hemisphere along several 

weeks (fig3.7), which allowed to monitor and manipulate neuronal activity from 

multiple cortical regions simultaneously and longitudinally in vivo. Moreover, we 

finely quantified the expression profile of synapsin-targeted jRCaMP1a in cortical 

neurons showing that around 70% of all NeuN labelled cells were jRCaMP1a+ 

(fig3.8). Therefore, high transduction efficiency is achieved using our delivery 

system. At present, there are very few single-photon all-optical strategies available 

with a sufficient spectral separation of the actuator from the reporter. Red-shifted 

GECIs were successfully combined with ChR2 to develop a two-photon all-optical 

approach (Forli et al. 2018) which showed significantly reduced crosstalk 

compared to other previously developed systems. For the first time we applied this 

all-optical approach for mapping large-scale cortical activity patterns at the 

mesoscale level. In our one-photon approach, we confirmed the low crosstalk 

between indicator and actuator. Indeed, although voltage-clamp 

electrophysiological data showed subthreshold depolarization of ChR2-expressing 

cells (Soor et al. 2019), according with previous studies (Forli et al. 2018) we did 

not detect relevant neurophysiological alteration caused by imaging cross-
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activation (fig3.9). The absence of blue light-evoked activity in jRCaMP1a+/ChR2- 

expressing cells in vivo (fig3.10) confirmed the absence of a crosstalk between the 

actuator and the fluorescence reporter. 

In conclusion, the combination of ChR2 and jRCaMP1a with wide-field 

fluorescence microscopy provides a stable and crosstalk-free one-photon all-

optical system for simultaneous manipulation and readout of the same neuronal 

circuit. This approach provides a new perspective to casually investigate the 

cortical activity patterns that drive light-evoked complex behaviours as described 

in the next chapter. 
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4.3.  Cortical modules are not 
functionally organized in a 
hierarchical premotor-motor 
organization   

 
One of the main conclusions of the work presented here, resulting from our novel 

combination of optical techniques, is the finding and characterization of a novel 

motor area. The first step towards this result was the  application of the mesoscale 

all-optical approach developed in the past chapters to causally investigate the 

neuronal activity patterns in RFA and CFA driving two optogenetically-evoked 

complex movements in awake head-fixed mice. Indeed, previous studies showed 

that two segregated classes of forelimb movements can be evoked by stimulating 

different cortical sites in mice expressing the optogenetic actuator ChR2 in the 

motor cortex: RFA stimulation induces forepaw-to-mouth movements (GRASP), 

while CFA stimulation evoke locomotion-like movements (TAP) (Ayling et al. 

2009; Hira et al. 2009; Hira et al. 2015). The present study is the first that evaluates 

cortical activation patterns elicited by optogenetic stimulation and associates them 

with the complex movements described above, evidencing a new grasping 

representation area: the Lateral Forelimb Area (LFA).  

We initially identified a mouse-specific minimum laser power required to elicit a 

clear GRASP or TAP, observing that the maximum intensity of the evoked-

calcium response increased with the stimulus intensity (fig3.10c; fig3.11). We 

showed that the behavioural effect of cortical stimulation and the intensity of the 

evoked-calcium response are linked to the laser power: there was a mouse-specific 

minimum laser power required to elicit a clear GRASP or TAP (fig3.11). However, 

the individual variability observed in the minimum laser power required to evoke 

the forelimb movement is not mirrored by variability in the induced cortical 

activation, which is instead stereotyped and reproducible across mice (fig3.11). 
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These results suggest a cortical activation threshold linked to movement execution 

independent from the absolute stimulation intensity, which could be instead 

ascribed to biological and ChR2 expression variability (fig3.12b). Subsequently, 

we defined the cortical representation of the light-based motor maps related to 

GRASP and TAP movements (fig3.12c). As expected, our GRASP and TAP 

LBMMs covered the corresponding motor functional areas, RFA and CFA 

respectively. Nevertheless, we noticed that the RFA was smaller than the LBMM 

we identified as GRASP evoking area (Tennant et al. 2011). However, our results 

are in line with previous studies (Harrison, Ayling, and Murphy 2012; Hira et al. 

2015) in which the LBMMs are contiguous and equal in extension (fig3.14). 

Interestingly, the lateral portion of the GRASP light-based motor map we found 

matches the one shown by Harrison and colleagues (Harrison, Ayling et al. 2012) 

for evoking abduction movements.  

Thanks to our all-optical approach, it was possible to map large-scale cortical 

activity patterns associated with the optogenetically-evoked complex movements, 

showing an intriguing relationship between the spatiotemporal patterns of neuronal 

activity and the stimulation site. Indeed, when cortical stimulation did not lead to 

complex movements there wasn't a clear spatiotemporal direction of large-scale 

cortical activity (fig3.13b), which was instead evident during GRASP or TAP 

execution (fig3.13a). Moreover, most of the time the non-specific activity patterns 

avoided both LBMMs previously identified. Subtracting this type of activity to that 

recorded during LBMMs stimulation (fig3.13c), we revealed a strong cortical 

activity segregation of GRASP and TAP, which covered a large part of their 

associated LBMMs  

The evidence reviewed above indicates the presence of functionally segregated 

modules within the motor cortex. The motor cortex subdivision in distinct 

functional modules were already suggested by Hira and colleagues based on light-

based motor mapping of different movements (Hira et al. 2015). However, to the 

best of our knowledge, the present study is the first to investigate cortical calcium 

dynamics underlying LBMMs formation, helping to elucidate the functional 
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segregation of the motor cortex. Interestingly, past VSD imaging studies suggested 

that ChR2 and sensory stimulation elicited similar patterns of cortical response, 

even if ChR2-evoked responses tended to be more diffuse than that sensory-evoked 

ones (Lim et al. 2012b). Further studies are therefore necessary to understand the 

differences between the cortical areas activated during an optogenetically-evoked 

and a voluntary movement.  

Although there is clear evidence that GRASP and TAP movements tend to be 

elicited in two well defined and segregated functional areas of the motor cortex, 

we identified a smaller GRASP-evoking lateral cortical region (fig3.15). We 

named it the lateral forelimb area (LFA). Interestingly, the calcium dynamics 

recruited during LFA stimulation does not involve the RFA and vice versa 

(fig3.15), showing instead a strong spatial segregation and a high percentage of 

overlap with the associated LBMM (fig3.16). Furthermore, average calcium 

transient properties evoked in GRASP LFA mirrored those evoked in GRASP 

RFA or TAP (fig3.17). For GRASP RFA and GRASP LFA movements, the 

trajectory of the left-forelimb from its starting position was similar (fig3.19a), 

achieving the same distance in the medial-lateral plane and the same elevation 

(fig3.19; fig3.20). Furthermore, the entire stimulus train is required for the 

forelimb to reach its final position during GRASP RFA and GRASP LFA 

(fig3.19), which also showed a faster onset than TAP (fig3.20). The TAP was 

instead characterized by rhythmic repetitions of an oscillatory movement more 

spatially localized and lower in elevation than the two GRASP (fig3.19). 

Interestingly, TAP movements also showed an opposite directionality in the 

medial-lateral plane compared to GRASP in the same animal even if the average 

speed is the same for all the complex movements analyzed (fig3.20). It should be 

noted that in our study reaching the final position of the forelimb required the 

whole stimulus train (2 s) for GRASP movements (fig3.19) while previous studies 

demonstrated that ～300 ms were already sufficient (Harrison, Ayling et al. 2012, 

Hira, Terada et al. 2015).  
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This apparent inconsistency may be attributed both to the different stimulation 

frequencies applied and to the use of ChR2 transgenic lines instead of locally 

injected animals. However, the stimulus features do not affect movement 

trajectory, which reaches elevation similar to previous studies.   

We also analyzed the movement dynamics elicited by no-movement-evoking 

cortical sites. As expected, their stimulation showed absence of complex 

movement patterns (fig3.20). This result, in addition to absence of complex 

cortico-cortical connectivity (fig3.13) and a drastically reduced spread of 

activation (fig3.21), allow us to associate these cortical activity patterns to 

forelimbs-unrelated behaviours, such as whiskers or tongue movements or no 

movement at all. Consequently, we concluded that subtracting this type of activity 

to that recorded during LBMMs stimulation represented an effective way to reveal 

the cortical activity strictly associated with the forelimb movement. 

In conclusion, the present study firstly supports the hypothesis of independent 

cortical modules evoking defined complex movements in accordance with 

previous studies (Harrison, Ayling et al. 2012, Hira, Terada et al. 2015). Secondly, 

our results support the idea that the LFA is not only a lateral extension of the RFA 

but represents a distinct GRASP module. Indeed, contrary to what showed for 

large-scale cortical dynamics, there are no differences in the GRASP RFA or 

GRASP LFA evoked-performance at behavioural level.  

Therefore, to directly test the engagement of specific functional motor regions to 

different movement executions we also explored the spatial and temporal 

organization of evoked cortical activity patterns, revealing that each complex 

movement were linked to individual spatiotemporal patterns of propagation 

(fig3.21). Our results fit well with previous studies, indeed, the output layer of the 

motor cortex has independent descending corticospinal projections, which 

originate from a subtype of pyramidal tract (PT) neurons, named corticospinal 

motor neurons (CSNs) (Harris and Shepherd 2015; Baker et al. 2018; Economo et 

al. 2018). CNSs were found in RFA, CFA and in a small circumscribed cluster in 

a third area in the secondary somatosensory cortex (Wang et al. 2017; Wise et al. 
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1979). In the spinal cord, CSN axons from this third area mainly overlap with the 

RFA-CSNs premotor neurons (Wang, Liu et al. 2017). Other studies reported 

similar results: M1 and S2, although anatomically and functionally distinct, show 

CSNs in layer 5B whose axons partially converge in the spinal cord (Suter and 

Shepherd 2015). Moreover, a lateralization of the grasping light-based motor maps 

was already shown (Harrison, Ayling, and Murphy 2012), but the strong 

segregation of the neuronal activity linked to the lateral portion of these maps was 

unexpected and reinforces our hypothesis of a distinct module. However, it should 

be noticed that due to the lack of optical sectioning in our large-scale one-photon 

all-optical system, it is difficult to know either 1) how deep in the tissue blue light 

used for optogenetic stimulation can penetrate and 2) the source of the fluorescence 

signal (likely a convolution of the signals coming from dendrites from layer 5 

pyramidal neurons and layer 2/3 somas and neurites). Further studies will be 

required to clarify these points and to understand in depth the behaviorally relevant 

activation pathways. 

Finally, to determine whether the cortical modules we found were hierarchically 

organized, we performed a module-specific pharmacological inhibition of the 

excitatory synaptic transmission. Interestingly, by blocking the GRASP RFA 

module it was no longer possible to evoke the related movement (fig3.22) but the 

locomotion-like movement (TAP) was preserved and vice versa (fig3.23). Our 

results are in line with previous studies which support the idea of two functionally 

and anatomically independent modules (Hira et al. 2015; Harrison, Ayling, et al 

2012). In addition, taking advantage of our all-optical system we also investigated 

how pharmacological inhibition affects large-scale evoked-cortical activity 

dynamics, showing a significant reduction of the activated area coupled to a slower 

and more disorganized patterns of local propagation. Consequently, our study 

suggests that a site-specific activation is not sufficient for correct movement 

execution but rather a complex local interaction within the movement-specific 

module is required. 
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We also demonstrated the reciprocal interactions and the hierarchical roles of 

GRASP RFA and GRASP LFA modules by pharmacologically blocking the 

GRASP RFA module and stimulating the GRASP LFA. Surprisingly, the activated 

LFA area did not show changes in its dimension after pharmacological inhibition 

and there were no perturbations in the local propagation pattern. Interestingly, all 

the preserved cortical connectivity features of the LFA stimulation correlated with 

the successful execution of the grasping-like movement following LFA 

stimulation while, as we showed before, the block of RFA failed to express 

grasping behaviour. 
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