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Abstract 

The neocortex supports a rich repertoire of cognitive and behavioural functions, yet 

the rules, or neural ‘codes’, that determine how patterns of cortical activity drive 

perceptual processes remain enigmatic. Experimental neuroscientists study these 

codes through measuring and manipulating neuronal activity in awake behaving 

subjects, which allows links to be identified between patterns of neural activity and 

ongoing behaviour functions. In this thesis, I detail the application of novel optical 

techniques for simultaneously recording and manipulating neurons with cellular 

resolution to examine how tactile signals are processed in sparse neuronal ensembles 

in mouse somatosensory ‘barrel’ cortex.  

To do this, I designed a whisker-based perceptual decision-making task for head-fixed 

mice, that allows precise control over sensory input and interpretable readout of 

perceptual choice. Through several complementary experimental approaches, I show 

that task performance is exquisitely coupled to barrel cortical activity. Using two-

photon calcium imaging to simultaneously record from populations of barrel cortex 

neurons, I demonstrate that different subpopulations of neurons in layer 2/3 (L2/3) 

show selectivity for contralateral and ipsilateral whisker input during behaviour. To 

directly test whether these stimulus-tuned groups of neurons differentially impact 

perceptual decision-making I performed patterned photostimulation experiments to 

selectively activate these functionally defined sets of neurons and assessed the 

resulting impact on behaviour and the local cortical network in layer 2/3.  

In contrast with the expected results, stimulation of sensory-coding neurons appeared 

to have little perceptual impact on task performance. However, activation of non-

stimulus coding neurons did drive decision biases. These results challenge the 

conventional view that strongly sensory responsive neurons carry more perceptual 

weight than non-responsive sensory neurons during perceptual decision-making. 

Furthermore, patterned photostimulation revealed and imposed potent surround 

suppression in L2/3, which points to strong lateral inhibition playing a dominant role in 

shaping spatiotemporally sparse activity patterns. These results showcase the utility 

of combined patterned photostimulation methods and population calcium imaging for 
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revealing and testing neural circuit function during sensorimotor behaviour and provide 

new perspectives on sensory coding in barrel cortex. 
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Impact statement 

The experiments presented in this thesis combine both advanced ‘all-optical’ 

experimental methodology with a novel behavioural paradigm, to probe neural coding 

in mouse somatosensory cortex. ‘All-optical’ experimental systems have only recently 

become available and facilitate the precise reading and writing of neural codes with 

single-cell and single-spike resolution in vivo. This level of experimental control, which 

is not possible with standard electrophysiological or conventional widefield 

optogenetic methods, is crucial for performing functionally guided circuit manipulations 

to causally reveal the neural substrates of information processing in the brain.  

Experiments in this thesis provide important insights into how precise spatiotemporal 

patterns of cortical stimulation interact with endogenous sensory-evoked neural 

activity, and how this subsequently impacts perceptual processing during goal-

directed behaviour. Such insights are fundamental for the design and optimisation of 

neuroprosthetics devices, and brain-machine interfaces, that aim to restore and 

augment impaired sensorimotor function in the nervous system. Indeed, abnormalities 

in sensorimotor processing are seen across a broad spectrum of debilitating 

conditions ranging from neurodegenerative disorders such as Parkinson’s disease, to 

complex neurodevelopmental conditions such as autism and psychiatric disorders 

such as schizophrenia. Therefore, understanding the principles of how cortical circuits 

encode sensorimotor information, and how these codes can be altered, or enhanced 

through targeted experimental interventions, will transform our understanding of brain 

function and dysfunction. 

Specifically, I have designed a novel and controlled cross-hemispheric behavioural 

comparison task for head-fixed mice, that allows for exclusive insights into the spatial 

and temporal dynamics of sensorimotor processing in cortex. Complex behavioural 

rodent behaviours are notoriously difficult to train, and here I demonstrate a clear and 

concise training protocol for rapid and reliable learning of a cued-response 

psychometric sensory discrimination task in two weeks of training. I have performed 

both recording and manipulation experiments during task performance which 

contribute new and intriguing evidence to an emerging body of work challenging the 
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conventional view of segregated and lateralised information processing in primary 

sensory cortices.  

Firstly, I confirm that strong competitive interactions between contralateral and 

ipsilateral whisker signals occur at the level of primary somatosensory cortex, an 

interaction that has been predominantly studied under anaesthesia. This appears to 

mediate strong cross-hemispheric antagonism during bilateral whisker information 

processing. Secondly, I show that small groups of un-tuned sensory neurons, which 

appear to be unrelated to task execution as they do not show activity related to 

stimulus or choice information, can in fact contribute valuable information to guide 

sensory decisions if photostimulated. The work present in this thesis offers valuable 

new insights into the organisation of population coding signals in somatosensory 

cortex, and how cortical processing is influenced by inter-hemispheric interactions and 

underlying decision-making strategies. All-optical experiments during behaviour are 

both technically and conceptually challenging, and require optimisation of many 

separate experimental components. However, such endeavours can lead to exciting 

new discoveries in the field that have significant scientific, clinical, and societal impact. 
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Thesis overview 

Perceptual functions emerge from the concerted activity of neurons embedded in 

cortical networks. However, many fundamental questions concerning how information 

is encoded and decoded by neural circuits to drive behaviour remain unanswered. 

Recording neural activity during behaviour is vital for formulating theories of how 

stimuli and actions are represented in neural codes in cortex. However, directly testing 

these theories requires manipulation experiments, as controlled changes in neural 

output can be causally linked to deviations in sensorimotor behaviour. Accordingly, in 

this thesis I present a series of behavioural, two-photon calcium imaging, and one and 

two-photon optogenetics experiments designed to probe sensory coding in 

somatosensory cortex. Through this combined set of experimental strategies, I 

demonstrate that L2/3 barrel cortex plays an important role in guiding sensory 

discrimination.  

The first part of the thesis details the development of a single-whisker sensory 

discrimination task, whereby mice were trained to discriminate contralateral vs 

ipsilateral tactile input to guide decision making in a two-alternative forced choice 

(2AFC). I performed a series of proof-of-principle experiments demonstrating that  

optogenetic modulation of barrel cortex subsequently impacts sensory decision-

making at the psychophysical discrimination threshold, and that barrel cortex activity 

is transient but critical for sensory discrimination. In the next phase of my project, I 

used two-photon calcium imaging to characterise sensory and decision-related activity 

in L2/3 barrel cortex. This involved developing a modified task version that separates 

sensory and response epochs with a short temporal delay. In the final section of the 

thesis, I present results from ‘all-optical’ calcium imaging and holographic 

photostimulation experiments, designed to test whether contralateral and ipsilateral 

stimulus selective neurons differentially contribute to perceptual decision-making. 
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1. INTRODUCTION 
 

1.1. STRUCTURAL AND FUNCTIONAL ORGANISATION IN NEOCORTICAL CIRCUITS 
 

1.1.1. EXCITATION AND INHIBITION IN NEOCORTICAL CIRCUITS 
 
One of the most striking features of the brain is that despite containing billions of 

neurons (Herculano-Houzel, 2009), and trillions of synaptic connections, there is only 

one fundamental unit of neuronal communication – the action potential. Action 

potentials are brief electrical pulses, that occur when the dendritic inputs to a neuron 

drive sufficient membrane potential depolarisation to activate voltage-gated sodium 

channels (VGSCs) at the axon initial segment. Activation of VGSCs increases the 

conductance of sodium and potassium ions, resulting in a rapid influx of positive 

charge across the membrane due to an electrochemical gradient. Action potentials 

propagate along the axon to the axonal terminals, and trigger neurotransmitter vesicle 

release into the synaptic cleft. Neurons are highly specialised cells for sending and 

receiving electrical signals. Far from being passive integrators, dendrites have many 

important active biophysical and intrinsic properties, that enable them to function as 

isolated electrotonic compartments and computational units (Branco and Häusser, 

2010; Häusser et al., 1995). Likewise, myelinated axons are optimised for rapid 

electrical signalling, and can project to local and distal targets facilitating long and 

short-range communication between different cortical and subcortical areas. 

Within the cortex, neurons can be parsed into two major classes based on whether 

the neurotransmitter released at synaptic terminals positively or negatively modulates 

the post-synaptic membrane potential. The majority of cortical neurons (~80%) are 

excitatory, in that they have glutamatergic synapses which depolarise the post-

synaptic neuron (Lefort et al., 2009). The remaining 20% of neurons cortex are 

inhibitory and hyperpolarise post-synaptic neurons through releasing Gamma-

aminobutyric acid GABA. Inhibitory neurons tend to make local connections and are 

therefore commonly termed ‘interneurons’. Interneurons exhibit vast morphological, 

molecular and physiological diversity (Ascoli et al., 2008). Not only is a balance of 
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excitation and inhibition essential for stabilising activity levels (McCormick and 

Contreras, 2001), but inhibitory circuits play a profound role in shaping suprathreshold 

cortical activity (Haider et al., 2013; Isaacson and Scanziani, 2011a; Lee et al., 2012; 

Swadlow, 2002; Wehr and Zador, 2003). Patterns of connectivity within and across 

excitatory and inhibitory neurons support functional subnetworks and circuit motifs that 

Figure 1.1  ç Horizontal and vertical structure in the canonical cortical microcircuit  

(a) The morphological structures of the main types of excitatory neurons across the cortical laminae 
are shown for intratelencephalic cells in L4, L2/3 and L5. Pyramidal tract neurons in L5 and 
corticothalamic cells in L6 are also shown. Figure is taken from Harris & Shepherd, 2015. (b) The 
major excitatory pathways (synaptic connections) for the canonical cortical microcircuit are shown. 
Figure is taken from Harris & Mrsic-Flogel 2013. (c) Five example circuit motifs based on specific 
patterns of interaction between excitatory cells (red) and inhibitory cells (blue) are shown, with their 
corresponding proposed computation role shown on the right. Figure is taken from Braganza & Beck 
2018. 
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govern the dynamics of sensory information flow in neocortex (Fig 1.1b,c; Cossell et 

al., 2015; Feldmeyer et al., 2018a; Harris and Mrsic-Flogel, 2013; Ko et al., 2013; 

Lefort et al., 2009; Petersen and Crochet, 2013a). Inhibition plays a complex role in 

sensory processing above and beyond balancing network excitation, and the vast 

morphological, molecular and physiological diversity of GABAergic neurons points to 

inhibitory microcircuits playing a fundamental role in organisation brain function (Ascoli 

et al., 2008; Feldmeyer et al., 2018b; Markram et al., 2004).  

 

1.1.2. HORIZONTAL AND VERTICAL CORTICAL ORGANISATION 
 

Comprising a relatively thin sheet of cells (~1 mm in mice) that covers the dorsal 

surface of the cerebrum, the neocortex is composed of 6 cytoarchitectural layers each 

with distinct cellular, molecular, morphological and connectivity profiles (Fig 1.1a). As 

this laminar organisation is qualitatively conserved across different cortical areas and 

different mammalian species, neocortical microcircuits are thought to conform to a 

‘canonical’ structure (Fig 1.1b; Douglas and Martin, 2004; Douglas et al., 1989; Harris 

and Shepherd, 2015). Commonly referred to as supragranular (layers 1, 2 and 3), 

granular (4) and infragranular (5 and 6) layers, each cortical layer is poised to perform 

a discrete functional role within the canonical microcircuit framework (Adesnik and 

Naka, 2018).  

For example, as L4 is the dominant layer to receive dense innervation from sensory 

thalamus (Bruno and Sakmann, 2006), it is considered the main input layer to the 

cortical microcircuit. Likewise, as infragranular neurons predominantly send long-

range axonal projections to various subcerebral motor-related areas such as the 

striatum, L5 is viewed as the main output layer of the cortex (Harris and Shepherd, 

2015). As layers 2 and 3 (L2/3) receive innervation from L4, send strong outputs to 

L5, and exchange connections horizontally across many other neocortical regions, the 

supragranular layers are assumed to play a critical role in synaptic computation and 

sensory processing (Petersen and Crochet, 2013a). 
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Tangentially aligned neurons across cortical layers share receptive fields for sensory 

stimuli, suggesting that vertically arranged ‘columns’ of neurons may represent 

discrete information processing units (Hubel and Wiesel, 1962, 1963; Mountcastle, 

1957, 1997). This canonical structure determines patterns of synaptic connectivity 

within and across layers, shaping the flow of excitatory information in the cortex 

(Armstrong-James et al., 1992; Harris and Mrsic-Flogel, 2013; Lübke and Feldmeyer, 

2007). Although the precise computational role of a cortical columns, and cortical 

layers is still debated (Adesnik and Naka, 2018; Horton and Adams, 2005), it is thought 

that repeating canonical microcircuits enable a modular architecture that enables rich 

spatiotemporal dynamics (Sporns and Betzel, 2016; Yamamoto et al., 2018), flexible 

and efficient information processing, functional specialisation and cortical plasticity in 

the neocortex (Kalisman et al., 2005).  

 

1.1.3. FUNCTIONAL ORGANISATION OF CORTICAL AREAS 
 

As well as laminar and columnar microstructure, neocortex has another striking 

organising feature - functional topography. Topographic organisation  is a common 

feature of primary sensory areas, whereby the spatial relationships between primary 

receptors in the sensory periphery are mapped onto the cortical surface in a matching 

pattern (Harris and Mrsic-Flogel, 2013). Such relationships are illustrated in the 

retinotopy of primary visual cortex and the somatotopy of somatosensory cortex – 

including the striking example of rodent barrel cortex (Woolsey and Van der Loos, 

1970). Topographic organisation is likely to help support accurate cortical 

representations of external sensory space and functional specialisation critical for 

sensory processing (Kaas, 1997). 
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1.2. STUDYING NEURAL CODING THROUGH MEASUREMENT 
 

1.2.1. NEURAL CODING 
 

Neural coding refers to the process that governs how sensory information is 

represented, processed, and transformed into behavioural output by the nervous 

system (Bialek et al., 1991; DeCharms and Zador, 2000). Neural encoding refers to 

the first conceptual stage in this process in which sensory inputs are mapped onto 

patterns of cortical neural activity. Neurophysiological recording techniques are ideal 

for studying neural encoding as the activity in single, or groups, of neurons can be 

monitored in vivo whilst sensory stimuli are presented (Hubel & Wiesel, 1959), or even 

better, whilst subjects perform a sensory-guided task (Newsome et al., 1989). This 

allows for both a rigourous assessment of the functional architecture of neural circuits 

(Mountcastle, 1957), and analysis of the dependence of neural spike output on specific 

stimulus and behavioural parameters (Britten et al., 1992, 1996; Hubel & Wiesel, 

1962). Recording techniques therefore open a ‘window’ into the brain, through which 

the neurophysiological correlates of sensory and perceptual processes can begin to 

be revealed (Gold and Ding, 2013; Gold and Shadlen, 2007; Johnson, 2000; Shadlen 

and Kiani, 2013). 

As action potentials are all-or-nothing events, cortical sensory neurons must encode 

and communicate stimulus information through trains of action potentials discharged 

over time. However, exactly which features of neuronal spike output, and in which 

neurons, are used by downstream circuits to decode stimulus information to drive 

behaviour, remains unclear (Bialek et al., 1991; Ferster and Spruston, 1995; Jacobs 

et al., 2009; Panzeri et al., 2017; Zuo et al., 2015). Central to this debate is the 

longstanding dichotomy of whether information is primarily contained in spike rate or 

temporal pattern (Brette, 2015; Gautrais and Thorpe, 1998; Shadlen and Newsome, 

1994). Rate-based coding theories posit that due to stochastic noise and variability 

inherent in any complex biological system, stimulus information in spike trains must 

be reliably extracted by averaging spike-counts across a behaviourally-defined time 

window (Johnson and Ray, 2004; London et al., 2010). Alternatively, spike-timing 
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based coding models argue that the precise temporal profile of spikes within a spike-

train contains valuable stimulus information (Panzeri et al., 2001, 2002; Theunissen 

and Miller, 1995; Victor, 1999). However, the remarkable temporal limits for detection 

and discrimination of certain types of stimuli (Resulaj and Rinberg, 2015; Thorpe et 

al., 1996) would impose very short and perhaps unrealistic constraints on temporal 

integration windows. Indeed, whilst often viewed as a dichotomy, it is likely that 

different cells, circuits and computations implement different instantiations of rate-

based and timing codes in order to carry out specific cognitive and behavioural tasks 

(Ahissar et al., 2000; Bieler et al., 2017; Panzeri et al., 2001; Seth, 2015; Urien et al., 

2018; Zuo et al., 2015). 

One powerful approach for quantifying information content in spike trains is to apply 

reverse correlation-based methods, information theory and signal detection theory to 

empirically calculate how stimulus information is contained in a ‘candidate’ neural code 

(Jacobs et al., 2009). Neurometric performance of a putative code can then be 

compared with the psychometric performance of a behaving subject to infer 

correlational associations between precise features of neural activity, stimulus 

encoding and behavioural processes (Britten et al., 1992, 1996; Jacobs et al., 2009; 

Newsome et al., 1989). 

In recent years, methodological developments on several fronts have transformed how 

we record neural activity, allowing simultaneous measurements from ever increasingly 

large populations of neurons (Stevenson and Kording, 2011).  The development of 

next-generation silicone probes enable high-density electrophysiological recordings 

from large populations of neurons multiple cortical and subcortical regions 

simultaneously (Jun et al., 2017; Steinmetz et al., 2019). Likewise parallel advances 

in optical (Denk et al., 1990), genetic (Huang, 2014; Luo et al., 2008, 2018) and 

molecular (Chen et al., 2013c) engineering have led to the rise of large-scale optical 

microscopy tools (Grienberger and Konnerth, 2012; Helmchen and Denk, 2005; 

Svoboda et al., 1997), which can routinely support simultaneous recordings from many 

thousands (and even 1 million) neurons with cell-type specificity and single-cell spatial 

resolution (Demas et al., 2021; Peron et al., 2015; Stringer et al., 2019a). These 

methods have enabled fundamental insights into how neural populations may 
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collectively represent information as a combined functional unit through population 

synchrony, correlational structure and strikingly spatiotemporally sparse coding 

schemes  (Barlow, 1972; Barth and Poulet, 2012; Levy and Baxter, 1996; Liu et al., 

2014; Petersen et al., 2002; Shadlen and Newsome, 1994; Wolfe et al., 2010). 

Sparse coding of stimuli has been reported across many different sensory systems 

during both passive and active behavioural tasks (O’Connor et al., 2010; Ohki et al., 

2005; Rinberg et al., 2006). Sparse population activity, whereby only a small 

proportion of the population respond to a sensory stimulus with a suprathreshold 

response, is a probable combination of highly selective and heterogenous stimulus 

tuning (Clancy et al., 2015; Ohki et al., 2005; Ranjbar-Slamloo and Arabzadeh, 2019) 

and strong feedforward and feedback recruitment of local inhibition (Crochet et al., 

2011; Helmstaedter et al., 2008; Mateo et al., 2011; Swadlow, 2002). Furthermore, 

functional microcircuits, which may promote sparse and reliable coding of sensory 

inputs, may emerge through preferential patterns of synaptic connectivity between 

pyramidal neurons that share stimulus feature tuning (Cossell et al., 2015; Ko et al., 

Figure 1.2  ç Advances in neural recording methods 

(a)  A review of 56 recording experiments showing the number of simultaneously experimentally 
recorded neurons on the vertical axis as a function of experiment date on the horizontal axis. 
Methodological improvements have profoundly influenced the ability to record from every 
increasingly large populations of neurons. (b) A historical timeline is shown showing the transition 
from single electrode recordings to large-scale electrode techniques and population calcium 
imaging methods. Note this figure ends at 2010, and does not show recent methodological 
developments in large FOV volumetric fluorescence microscopy. Figure is taken directly from 
Stevenson & Kording, 2011. 
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2013). Sparse neural coding schemes have energetically efficient (Attwell and 

Laughlin, 2001) and computational advantages (Barlow, 1972), and therefore are 

likely to be a crucial feature of sensory processing (Olshausen and Field, 2004). 

 

1.2.2. ELECTROPHYSIOLOGICAL RECORDINGS 
 

Arguably the most significant measurement in neuroscience was made in 1939. Using 

an intracellular electrode, Alan Hodgkin and Andrew Huxley recorded an action 

potential in a giant squid axon (Hodgkin & Huxley, 1939). Since this monumental 

discovery, rapid development of electrophysiological recording methods, as well as 

parallel improvements in sample preparations, have enabled a staggering range of in 

vivo recordings from a diverse set of species, brain areas and cell-types. 

Electrophysiological studies have provided us with a rich description of how cortical 

representations of different sensory stimuli are constructed by stimulus-selective 

neurons in sensory cortex (Andermann and Moore, 2006; Garion et al., 2014; Harris 

and Mrsic-Flogel, 2013; Hubel and Wiesel, 1963; Hubel & Wiesel, 1959; de Kock and 

Sakmann, 2009), how cognitive representations of complex variables like space 

(O’Keefe, 1976), and time (MacDonald et al., 2011) can be constructed in the 

hippocampus, and remarkably, how single neurons can be highly tuned to 

behaviourally relevant stimulus features, and even predictive of perceptual choice 

(Bialek et al., 1991; Britten et al., 1992, 1996; Newsome et al., 1989; Nienborg and 

Cumming, 2009; Pitkow et al., 2015; Sachidhanandam et al., 2013). Such recordings 

have been instrumental in the formation of powerful conceptual models that seek to 

explain how complex cognitive processes like perceptual decision-making are rooted 

in neurophysiological substrates (Gold and Shadlen, 2007).  

 

Electrophysiological recordings have exquisite temporal resolution, and thus are 

highly advantageous for assessing the temporal features of neural activity patterns 

(Havenith et al., 2011; Panzeri et al., 2002; Petersen et al., 2008a; Stüttgen and 

Schwarz, 2008; Uchida and Mainen, 2003; Zuo et al., 2015). Furthermore, 

electrophysiological methods offer unique insights into how subthreshold membrane 
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potential dynamics shape sensory processing and behavioural processes (Crochet 

and Petersen, 2006; Crochet et al., 2011; Gentet et al., 2010; Petersen, 2017; 

Petersen et al., 2003; Poulet and Petersen, 2008; Sachidhanandam et al., 2013).  

 

1.2.3. OPTICAL RECORDINGS  
 

Conventional low-yield electrical recording techniques have provided a fascinating, 

but limited, single-neuron perspective on neural processing during behaviour (Azarfar 

et al., 2018; Barlow, 1972; Parker and Newsome, 1998). However, cortical activity 

patterns have complex spatial, as well as temporal, structure, and engage large 

populations of neurons distributed across multiple brain regions (Guo et al., 2014a; 

Helmchen et al., 2018; Pinto et al., 2019). To understand how the circuit motifs and 

computation algorithms essential for perceptual processing are embedded in 

populations of neurons in functional circuit structures, recent focus has shifted towards 

recording activity with largescale optical techniques (Kerr and Denk, 2008; Ohki et al., 

2005; Peron et al., 2015; Stosiek et al., 2003; Yuste, 2015).  

 

The advent of optical recording tools has been driven by many advances in genetic 

and molecular engineering and optical technology, which have led to the development 

of highly sensitive optical methods like two-photon imaging for ‘unbiased’, longitudinal 

and non-invasive functional measurements of neuronal activity across multiple levels 

of circuit, cellular and subcellular scales of resolution  (Chen et al., 2013c; Helmchen 

and Denk, 2005; Luo et al., 2008, 2018; Svoboda et al., 1997; Tian et al., 2009). 

Optical techniques for measuring neural activity generally (although not exclusively: 

Grinvald et al., 1986) rely on the conversion of electrical signals into a visibly 

measurable signal. This can be achieved by introducing specialised molecular probes, 

predominately calcium sensors, into the cell that alter their fluorescence properties in 

connection with changes in neural activity. Fluorescence is an optical property 

ascribed to specialised molecules, known as fluorophores, that absorb light at a given 

wavelength, and emit light at a different wavelength. Through initial absorption of light, 
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fluorophores are kicked into an excited state, and as they return to their ground state, 

emit a photon which can be measured as fluorescence signal.  

The most widespread fluorescent reporters currently in use belong to the ultrasensitive 

GCaMP family of genetically encoded calcium indicators (GECIs (Chen et al., 2013c; 

Miyawaki et al., 1997)). These molecules, formed by circularly permuted GFP and 

calmodulin, bind intracellular calcium and undergo a confirmational change, thus 

enabling the excited fluorophore to emit fluorescence. GECIs can be targeted through 

genetic expression strategies to different neuronal sub-groups, and sub-cellular 

compartments, enabling cell-type specific population recordings with cellular 

resolution when combined with imaging technology like two-photon microscopy (Chen 

et al., 2013c; Dana et al., 2019; Svoboda et al., 1997; Tian et al., 2009; Yuste and 

Denk, 1995). 

Two-photon imaging is an laser-scanning microscopy technique that relies on the 

simultaneous absorption of two-photons of near infra-red wavelength to excite a 

fluorophore (Denk et al., 1990). Due to the non-linear absorption effect, two-photon 

excitation only occurs in the confined focal volume of the laser beam, which not only 

minimises out of focus excitation, but also means that all emitted photons constitute 

signal, as they can be assigned to a given spatial location in the sample. This ability 

to correctly assign all emitted photons as signal means high-resolution images of 

fluorescent markers can be acquired deep in light-scattering tissue, which is further 

added by infra-red wavelengths of light that show less scattering in dense tissue 

medium (Svoboda et al., 1997). Image contrast is generated through collecting emitted 

photons from the two-photon excitation spot, and images are generated by iteratively 

raster scanning the laser beam across a field of view (FOV), sequentially mapping the 

assigning photon signal at a given location to intensity of a corresponding pixel in an 

image.  

The advantages of using optical tools for reading neural activity are numerous 

(Häusser, 2014). First and foremost, they remove the need to insert physical devices 

into the brain which result in tissue damage at the site of recording. Combined with 

ultrasensitive genetically encoded activity sensors, which can be expressed at stable 

levels for many months, calcium imaging recordings can be performed longitudinally, 
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which allows for characterisation of the structural and functional changes that underlie 

learning, memory and brain development with cell-type specificity and single-spike 

resolution.  

However, as calcium sensors are restricted to reporting supra-threshold activity 

indirectly, they suffer from slow temporal precision, and most commercial resonant 

scanning systems operate at frame rates of 30 Hz. Accordingly, the ongoing 

development of fast imaging systems, combined with the advent of genetically 

encoded voltage indicators which report membrane potential will prove to be 

instrumental in furthering the utility and applicability of optical imaging methods in 

neuroscience (Looger and Griesbeck, 2012; Peterka et al., 2011; Prevedel et al., 

2016). 
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1.3. STUDYING NEURAL DECODING THROUGH MANIPULATION 
 

1.3.1. NEURAL DECODING 
 

Long before it was possible to measure functional properties of the brain it was 

hypothesised that different cognitive functions were localised to specific areas of 

cortex. Many of these insights were made by physicians of the 19th and early 20th 

Century, like Paul Broca and Carl Wernicke, who characterised the cognitive 

impairments in patients with localised brain damage. Similar approaches were taken 

in early neuroscience experiments, whereby the behavioural impact of focal brain 

lesioning of was studied in behaving rodents (Franz and Lashley, 1917; Lashley, 

1931). Since the days of assessing function through brain insult and injury, a wide 

range of methods have been developed to allow specific control over electrical activity 

in neural tissue. These tools allow fundamental insights into how neural signals are 

‘decoded’ by neural circuits by providing the ability to directly test how spikes are 

mapped onto goal-directed behavioural outputs (Houweling and Brecht, 2008; Huber 

et al., 2008; O’Connor et al., 2013; Salzman et al., 1990, 1992; Tanke et al., 2018). 

 

1.3.2. ACTIVATING NEURONS 
 

Many early insights into the functional organisation of the brain arose from studying 

the sensory and motor effects elicited by focal cortical electrical stimulation (Fritsch 

and Hitzig, 1870; Penfield and Boldrey, 1937a). Microstimulation of cortical circuits 

has since led to many valuable insights into the cortical organisation of perceptual 

processes (Ditterich et al., 2003; Romo et al., 1998, 2003; Salzman et al., 1992; 

Seidemann et al., 1998). In a pioneering study, and one of the first to directly link a 

link a functionally characterised area with a specific perceptual process, 

microstimulation was applied to an area of visual cortex that encoded a specific 

direction of motion (Salzman et al., 1990, 1992). Stimulating these cells lead to strong 
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perceptual biases that were predicted by the direction of motion encoded by the 

electrically stimulated neurons (Fig 1.3). 

Whilst focal microstimulation has led to many pioneering insights into functional links 

between brain areas and behavioural functions, electrical stimulation methods have 

poor control concerning the number, distribution and identity of activated neurons 

(Histed et al., 2009). This prevents dissection of the specific functional roles of different 

Figure 1.3  ç Focal microstimulation of visual cortex (MT) biases behaviour 

(a) Head-fixed monkeys were trained to discriminate the coherence (motion direction) of a noisy 
moving dot visual stimulus presented on a display monitor. (b) Task design. Monkeys received 
visual stimulus trials and made direction saccades according to the motion stimulus strength. On 
some trials visual stimuli (‘Vis. Stimulus’) were paired with simultaneous microstimulation of 
visual area MT (‘Elect. Stimulus’). The direction of visual motion stimuli matched the receptive 
field(s) of the neurons in the microstimulation column. (c) The resulting impact of microstimulation 
was assessed by comparing the psychometric discrimination curve on visual only trials (Control) 
and on visual + microstimulation trials (+Microstimulation). Choice behaviour is plotted as a 
function of the proportion of behavioural choices that aligned with the stimulated neurons 
receptive field (Preferred direction; PD). Microstimulation shifts the psychometric curve leftwards 
in the aligned direction of the preferred stimulus encoded by the neurons at the microstimulation 
site. Figure is adapted from Salzmann et al, 1992.  
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cortical circuit elements as neighbouring cortical neurons can show heterogenous 

functional tuning (Andermann and Moore, 2006; Clancy et al., 2015; Garion et al., 

2014; Ohki et al., 2005).  

Accordingly, the development and widespread use of optogenetics has transformed 

perturbational neuroscience (Fig 1.4b). Optogenetics refers to a core set of integrated 

genetic, molecular and optical technologies, that together provide a non-invasive, 

rapid and reversible way to manipulate neural excitability in genetically defined neural 

populations (Fig 1.4c; Boyden et al., 2005; Deisseroth, 2015; Prakash et al., 2012). 

The notion of using light to control neural activity, credited to Francis Crick, long 

preceded the technical development of optogenetics (Crick, 1979). Despite microbial 

opsins being identified and characterised many decades ago, albeit within a different 

context and scientific discipline, the reality of making neurons photosensitive through 

transmembrane light-sensitive channels took many subsequent years to develop 

(Deisseroth, 2015; Yizhar et al., 2011a). 

Optogenetics refers to the combined application of technologies for genetically 

targeted expression of microbial opsin genes and associated optical strategies for 

delivering light stimulation to control neural activity. Opsins are transmembrane 

proteins that undergo a wavelength-dependent conformational change in response to 

light stimulation (Fig 1.4a). This change subsequently alters transmembrane ionic 

conductance, through either the opening of a channel pore or activation of an ionic 

pump. Opsins can be broadly separating into two families according to their directional 

effects on neuronal membrane potential. Excitatory opsins, like channelrhodopsin, 

have cationic conductances, leading to depolarising photocurrents as channel opening 

allows the influx of positively charged ions into the cell down the resting 

electrochemical concentration gradient, which if sufficient can drive action potentials 

(Fig 1.4d). Conversely, inhibitory opsins, like the chloride pump halorhodopsin, have 

hyperpolarising photocurrents as negatively charged chloride ions are pumped into 

the cell. Many different variants of excitatory and inhibitory opsins exist, differing in 

various properties such as temporal kinetics, specific conductances and peak 

activation wavelength (Emiliani et al., 2015). This extensive molecular toolkit supports  
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Figure 1.4  ç The advent of optogenetics 

(a) Schematic overview of different types of microbial rhodopsins. (b) Chart shows the publication 
history (PubMed search) for optogenetic papers (square marked line) as identified using keyword 
searches for ‘channelrhodopsin’, ‘halorhodopsin’ and other opsin constructs. The green line shows 
the publication history for ‘bacteriorhodopsin’. (c) Optogenetic constructs can be packaged into viral 
vectors and expressed in mammalian neural circuits with genetic cell-type specificity. (d) Light 
delivery causes reliable stimulation in opsin expressing neurons. The example shown is a voltage 
trace recording from a hippocampal neuron in culture expressing ChR2, blue light pulse delivery (5, 
10, 15 ms from top to bottom) is indicated by the horizontal ticks. (e) Opsin expressing neurons can 
be optically manipulated through the delivery of light, allowing causal tests of the neural substrates 
underlying behaviour. This example shows a freely moving mouse with an optical fibre implanted into 
the brain. Panel a is taken from Zhang, 2011; b, c and e are taken from Deisseroth, 2015, panel d is 
from Boyden et al, 2005. 
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the flexible application of different opsin molecules to meet specific experimental 

needs, and importantly optogenetic strategies can be integrated with other 

experimental techniques like two-photon calcium imaging (Kim et al., 2017; Packer et 

al., 2015; Rickgauer et al., 2014) 

 

1.3.3. TWO-PHOTON OPTOGENETICS  
 

One acknowledged limitation of one-photon photostimulation is poor spatial control 

over light targeting in tissue, which results in the synchronous and non-physiological 

activation of large populations of neurons. This limits the ability to dissect the fine-

scale functional organisation of cortical circuits as the precise number, spatial location 

and functional identity of optogenetically targeted neurons cannot be accurately 

controlled (Häusser, 2014; Packer et al., 2013; Peron and Svoboda, 2011). Precise 

spatial control over optogenetic stimulation is essential as information in cortical neural 

circuits is processed in spatially intermixed subpopulations of genetically identical 

neurons (Cossell et al., 2015; Harris and Mrsic-Flogel, 2013; Ko et al., 2011, 2013), 

which exhibit trial-to-trial response variability (Azouz and Gray, 1999; Tolhurst et al., 

1983; Vogels et al., 1989), sparse activity at the population level (Barth and Poulet, 

2012; O’Connor et al., 2010; Petersen and Crochet, 2013a; Shoham et al., 2006) and 

‘salt-and-pepper’ tuning heterogeneity (Ohki et al., 2005; Peron et al., 2015).  

Whilst gross spatial specificity can be achieved by combining one-photon illumination 

with targeted opsin expression and injection strategies (Petreanu et al., 2007), fibre 

implantation over a particular structure of interest (Zhang et al., 2010), or steering or 

shaping illumination through galvanometer mirrors (Guo et al., 2014a) or a digital 

mirror device (Zhu et al., 2012), these methods lack cellular resolution (Packer et al., 

2013). Likewise, coarse functional specificity can be achieved by restricting opsin 

expression to ‘task-relevant’ neuronal populations via activity-dependent expression 

mechanisms such as c-fos (Liu et al., 2012), however these strategies lack trial-to-trial 

flexibility and remain limited by the imprecision of widefield illumination (Oron et al., 

2012).  
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A straightforward way to significantly improve optogenetic spatial resolution is to 

replace one-photon with two-photon excitation (Svoboda et al, 1997; Denk 1990) - as 

opsin molecules are typically sensitive to two-photon excitation at approximately 

double the wavelength of light used for one-photon excitation (Rickgauer and Tank, 

2009). As discussed above (Section 1.2.3), due to the non-linear absorption process, 

two-photon excitation is limited to a small diffraction-limited spot determined by the 

point spread function of the optical system (Fig 1.5a). This is ideal for selectively 

targeting light to small neural structures like somata and dendrites (Packer et al., 

2012), enabling precise photostimulation in tissue preparations where opsin 

expression is dense and widespread.  

However, whilst two-photon excitation provides superior optical sectioning, the typical 

focal volume of excitation (< 1 µm) is too small to activate sufficient numbers of opsin 

molecules to reliably drive somatic spiking (Oron et al., 2012; Rickgauer and Tank, 

2009). This is compounded by further issues such as low single-channel 

conductances and fast saturation rates of opsin molecules (Feldbauer et al., 2009; 

Rickgauer and Tank, 2009). Accordingly, a range of optical strategies have been 

developed to ensure reliable two-photon photostimulation – whereby the effective 

action of the two-photon excitation spot is increased, either by scanning or shaping 

the beam, to maximise photocurrents in opsin-expressing neurons (Adesnik and 

Abdeladim, 2021; Bovetti and Fellin, 2015; Emiliani et al., 2015; Oron et al., 2012; 

Packer et al., 2013; Ronzitti et al., 2018; Yang et al., 2018; Fig 1.5b).  

 

1.3.4. METHODS FOR EFFICIENT TWO-PHOTON PHOTOSTIMULATION 
 

Just as dendritic EPSPs must be integrated to drive a somatic spike, sufficient 

depolarising opsin photocurrents are needed to trigger spiking optogenetically. As 

introduced above, there a number of approaches to increase the number of opsin 

molecules activated by two-photon photostimulation (Fig 1.5b). The most 

straightforward are termed serial scanning approaches – named because the two-

photon excitation spot is scanned, typically by a pair of beam steering galvonometer 

(galvo) mirrors, in space (Adesnik and Abdeladim, 2021; Oron et al., 2012; Packer et 
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Figure 1.5  ç Methods for two-photon photostimulation 

(a) A schematic comparison of one-photon (left) and two-photon (right) photostimulation is depicted. 
Two-photon photostimulation provides superior optical sectioning, and therefore improved spatial 
resolution of stimulation. (b) Different approaches for efficient single-cell two-photon 
photostimulation. (c) Electrophysiological traces show a voltage recording from a spiral-scanned 
photostimulated opsin-expressing neuron. Each trace corresponds to a single trial. (d) An overview 
of the sequential photostimulation of multiple target neurons by offsetting galvo mirrors to different 
locations in the FOV. (e) Demonstration of targeted photostimulation of a neuronal dendrite and 
spine (red circles). Electrophysiological recordings confirm photostimulation-triggered 
depolarisation. (f) Results from a series of experiments examining the effects of increasing 
photostimulation power on baseline GCaMP fluorescence. Larger powers cause increases in 
resting GCaMP fluorescence indicative of cellular damage. (g) An example FOV showing neurons 
that have been ablated by high-power stimulation. Panels a, b and d left are taken from Packer et 
al, 2013, panel c is taken form Rickgauer and Tank, 2009, panel d right is taken from Jennings et 
al, 2019, panel e is taken from Packer et al, 2012, panels f and g are taken from Russell et al, 2021. 
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al., 2013). This allows for the sequential activation of different opsin molecules at each 

target location, and thus activate a larger fraction of opsin molecules expressed by the 

neuron. For example, by scanning the beam in a spiral pattern (Rickgauer and Tank, 

2009), or a small square raster grid (Packer et al., 2012, 2015), one can rapidly (e.g. 

a single 20 um spiral can be completed with submillisecond speed; Jennings et al., 

2019; Marshel et al., 2019) illuminate a cell soma (Fig 1.5b,c). This significantly boosts 

the efficiency of photostimulation, as the increased area of excitation drives larger 

somatic photocurrents which can trigger action potentials (Fig 1.5c). This spiral 

scanning approach was first employed by a pioneering study demonstrating two-

photon activation of ChR2-expressing neurons in culture (Rickgauer and Tank, 2009), 

and has since been adopted by many other groups as a means to reliably 

photostimulate neurons in vivo (Carrillo-Reid et al., 2016; Chettih and Harvey, 2019; 

Jennings et al., 2019; Packer et al., 2015). The other class of photostimulation 

strategies are termed parallel or ‘scanless’ approaches, which rely on manipulating 

the shape or profile of the beam to simultaneously illuminate the entire soma typically 

via temporal focusing (Mardinly et al., 2018; Pégard et al., 2017; Rickgauer et al., 

2014), rather than steering the beam through space.  

Despite the superior optical sectioning of 2P excitation, there are a multitude of 

biological and optical factors that prevent single-cell photostimulation resolution. 

Firstly, neural tissue is extremely densely packed with somata and neurites, meaning 

that targeted photostimulation can unintentionally drive ‘off-target’ depolarisation in 

neighbouring non-targeted neurons. Additionally, whilst the 2P point spread function 

is laterally confined, it is typically slightly elongated axially – meaning that some 2P 

excitation may occur above and below the focal plane. This is further compounded by 

the fact that many neurons extend dendrites axially. These effects can be mitigated 

by applying an expression strategy that results in sparse population expression 

(Chettih & Harvey, 2019), and/or using a soma-restricted opsin, whereby opsin 

trafficking into dendrites is reduced (Baker et al, 2016).  

A further consideration when designing a two-photon photostimulation experiment is 

the potential adverse effects of photostimulation on cell health. Targeted 

photostimulation deposits large amounts of power on the sample, especially as the 
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illumination density is concentrated in small spatial volumes over somata and small 

neural structures. This can lead to substantial heating effects, photodamage and cell 

death (Hopt and Neher, 2001; Koester et al., 1999; Podgorski and Ranganathan, 

2016), which is essential to avoid unless targeted neuronal ablation is the experimental 

goal (Peron et al., 2020). Adverse effects of photostimulation can be circumvented by 

identifying a safe regime through rigorously testing and calibrating different 

photostimulation powers and stimulation parameters - whilst assessing cell health with 

two-photon imaging or electrophysiological characterisation (Russell et al., 2021). For 

example, resting baseline increases in GCaMP fluorescence and nuclear filling are 

clear indications of abnormal cell physiology (Fig 1.5f,g). 

 

1.3.5. TARGETING MULTIPLE NEURONS FOR TWO-PHOTON PHOTOSTIMULATION 
 

Neural activity patterns have complex spatiotemporal dynamics that recruit many 

neurons across local and widespread networks (Ferezou et al., 2007; Guo et al., 

2014b). Therefore, probing the neural codes that underpin information processing 

requires the ability to manipulate multiple neurons with spatial precision. Groups of 

neurons in a FOV can be sequentially photostimulated using a serial scanning 

approach, whereby neural targets are addressed one-by-one by offsetting, or 

‘hopping’, the photostimulation galvo mirrors to a different XY position in space 

(Carrillo-Reid et al., 2016; Jennings et al., 2019). Thus, a spiral scan can be delivered 

to neuron 1, then neuron 2 and so on (Fig 1.5d). This approach can also be applied to 

directly activate different neuronal substructures such as portions of dendrites and 

dendritic spines (Packer et al., 2012; Fig 1.5e) - which was previously only feasible 

using techniques like focal glutamate uncaging (Branco et al., 2010). Whilst 

repositioning the galvo mirrors to update the spiral location site can be performed 

rapidly (e.g. 0.12 ms; Jennings et al., 2019) the target neuron population is addressed 

in a sequence, and therefore the stimulation interval between the first and last target 

neuron may be significant depending on the size of the group and spiral duration. This 

is not desirable if the goal is to stimulate a group of neurons simultaneously. 
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However, simultaneous photostimulation of multiple neurons can be achieved by 

computer generated holography via the use of a spatial light modulator (SLM; 

Nikolenko et al., 2007, 2013). Originally developed in the astronomy industry to reduce 

optical telescopic artefacts, SLMs have recently become widespread in experimental 

neuroscience for both two-photon imaging and photostimulation applications (Adesnik 

and Abdeladim, 2021; Bovetti and Fellin, 2015; Dal Maschio et al., 2017; Marshel et 

al., 2019; Nikolenko et al., 2008, 2013; Packer et al., 2015; Papagiakoumou et al., 

2010; Yang et al., 2018). SLMs are programmable beam splitters, and have an active 

liquid crystal pixel-matrix array in which the orientation of the liquid crystal within each 

pixel can be manipulated by an electrical voltage command (Bovetti and Fellin, 2015). 

This enables a holographic diffractive grating, also referred to as a phase mask, 

calculated with the Gerchberg-Saxton algorithm (Gerchberg, 1972) to be displayed on 

the active surface of the SLM, which alters the phase of an incoming laser beam 

(Nikolenko et al, 2008). This allows the generation of arbitrary spatial patterns of light 

illumination that can be projected onto the sample plane. These beamlets can then be 

spiral scanned over the target somata enabling flexible control over the number and 

spatial configuration of simultaneously optogenetically activated neurons (Packer et 

al, 2015).  
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Figure 1.6  ç Components of an all-optical experimental system 

(a) Overview of SLM-based targeting of light in sample. Ten pixel locations, corresponding 
to neural somata in a C1V1-expressing FOV are selected as photostimulation targets. A 
phase mask is then generated and displayed on the SLM surface to generate ten laser 
beamlets. The beamlets can then be spiral scanned with a pair of galvo mirrors to 
photostimulate the target neuron group simultaneously. (b) A SLM device with it’s active 
surface shown enlarged. (c) The optical design and lightpath(s) of an all-optical microscope 
used in this thesis. (d) An overview of the system design for a typical all-optical experiment 
is shown. Panels a and c are taken from Packer et al, 2015, panel b is taken from 
www.meadowlark.com, panel d is taken from Russell et al, 2021.  

   



 39 

1.3.6. SIMULTANEOUS TWO-PHOTON CALCIUM IMAGING AND PHOTOSTIMULATION 
 

Simultaneous measurement and controlled manipulation of activity in the same 

neuron(s) is vital for performing ‘dream’ experiments that can reveal and test the 

neural codes that drive behavioural functions (Fig 1.7b; Adesnik and Abdeladim, 2021; 

Jacobs et al., 2009; Panzeri et al., 2017). However, this cannot be accomplished using 

electrophysiological methods due to cross-talk between the stimulation and recording 

channels. To solve this problem, recent efforts have sought to integrate the optical 

technology for cellular resolution photostimulation with two-photon calcium imaging, 

enabling simultaneous ‘all-optical’ read and write capability over neural activity with 

cellular resolution (Mardinly et al., 2018; Packer et al., 2015; Rickgauer et al., 2014).  

All-optical microscope systems incorporate two independently manipulatable 

femtosecond-pulsed lasers, one for calcium imaging and the other photostimulation, 

which can be operated simultaneously (Fig 1.6c; Packer et al, 2015). Thus the efficacy 

of neuronal photostimulation can be assessed via simultaneously acquired calcium 

imaging data (Fig 1.7a), provided the neuron(s) express both an activity sensor and 

an opsin. This obviates the need to perform invasive and challenging 

electrophysiological measurements simultaneously to assess optogenetically-

triggered spiking, although confirmatory electrophysiological recordings are 

commonplace for initial calibration of the system (Packer et al., 2015). Furthermore, 

the addition of a SLM into the photostimulation beam path allows individual neurons, 

or subgroups of neurons, in the FOV to be selectively targeted for photostimulation 

based on functional identity, which can be ascertained by prior characterisation of 

neural responses (e.g. sensory tuning) using calcium imaging (Fig 1.7c). This 

facilitates an elegant strategy for spatiotemporally precise activity-guided circuit 

perturbations, which are vital for probing functional connectivity and neural dynamics 

in cortical circuits during behaviour (Fig 1.7b; Chettih and Harvey, 2019; Daie et al., 

2021; Packer et al., 2015; Rickgauer et al., 2014; Russell et al., 2019).  

The main components of an all-optical microscope system include two two-photon 

excitation sources of different wavelengths (specific to the action spectra of the 

calcium indicator and optogenetic actuator), associated devices to control laser 
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intensity (e.g. two Pockels cells or acousto optic modulators), and beam-steering 

mirrors (for 2P resonant scanning imaging, and executing photostimulation spiral 

scanning trajectories if one is employing a serial scanning photostimulation approach) 

and a spatial light modulator (Fig 1.6c,d). Many additional software, hardware and 

firmware components for recording, triggering and synchronising events, setting up 

acquisition parameters and controlling the SLM are required for system control and 

coordination (Fig 1.6d; for an overview see Russell et al., 2021).  

Importantly, further to the alignment requirements of a general multiphoton imaging 

system, additional calibration and alignment steps must be completed to ensure the 

correct functioning of an all-optical microscope system. These steps are required to 

make sure that the focal planes of the imaging and stimulation light paths, which exist 

in separate co-ordinate systems, are co-aligned and co-registered under the objective. 

This is vital to ensure that targeted photostimulation reaches the intended location(s) 

in three-dimensional space. A common approach for calibrating this alignment is to 

select an arbitrary pattern of target spots in the imaging FOV, and then burn these 

spots into a fluorescent plastic slide - which is positioned under the objective at a 

position and height that replicates the location of the experimental sample (i.e. the 

mouse brain; see Fig 2.5 for an example pattern burned into a plastic slide). The 

location(s) of the burned spots can then be imaged and identified, and the offset error 

between the intended and actual burn locations can be quantified and accounted for 

by computing and then applying an affine transformation (Packer et al., 2015). This 

registration should then allow one to calculate the correct target locations in SLM 

space required to ‘hit’ precise intended locations in 2P imaging space (Russell et al., 

2019, 2021). 

 

1.3.7. CO-EXPRESSION OF CALCIUM INDICATORS AND OPSINS 
 

Another critical component to the all-optical method is optimal neuronal co-expression 

of an activity sensor and optogenetic actuator (Fig 1.7c). This fundamental element 

allows for neural activity to be both simultaneously measured and manipulated 

respectively using light (Adesnik and Abdeladim, 2021; Nikolenko et al., 2007; Packer 
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et al., 2013, 2015; Yang et al., 2018). Importantly, the absorption spectra of both 

constructs needs to be sufficiently separate to ensure minimal cross-talk and 

interference between the two wavelength channels (Forli et al., 2018; Packer et al., 

2015; Yang et al., 2018). This means that the wavelength of light used to readout 

signals from the calcium sensitive fluorophore does not excite the opsin. This has been 

made possible by the recent development of a plethora of new genetically encoded 

opsin molecules with improved sensitivity and biophysical characteristics, in particular 

the ‘red-shifted’ ChR2 variant C1V1 (Prakash et al., 2012; Yizhar et al., 2011b). 

Consequentially, raster scanning the imaging beam across the FOV to measure 

GCaMP fluorescence should not directly activate red-shifted opsin-expressing 

neurons. Alternatively, one can stimulate a blue-shifted opsin such as GtACR 

(Govorunova et al., 2015), whilst imaging a red-shifted indicator such jRCaMP or 

jRGECO (Dana et al., 2016; Forli et al., 2018). However, the implicit assumption that 

spectral separation abolishes cross-talk must be confirmed using careful calibration 

and titration of FOV size and imaging power on sample via simultaneously acquired 

electrophysiological recordings (Packer et al., 2015). 

Another important consideration in designing an all-optical experiment is ensuring that 

both indicator and opsin constructs are expressed at sufficient levels for optimal 

intended function, but below levels that adversely impact cell health (Chen et al., 

2013c; Miyashita et al., 2013; Tian et al., 2009). Furthermore, achieving long-term 

stable expression and avoiding over-expression become acutely relevant factors if one 

aims to perform an in vivo all-optical experiment during a trained behavioural task - as 

task learning can take many weeks to months to saturate (Guo et al., 2014c). 

Accordingly, indicator-opsin combinations, viral titres, AAV-serotypes and genetic 

promoters and/or transgenic mouse lines should be thoroughly explored, and 

expression examined longitudinally, to arrive at the optimal expression strategy to 

meet the experimental goal (Packer et al., 2015; Russell et al., 2021). 
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Figure 1.7  ç All-optical ‘dream’ experiments 

(a)  Via co-expression of an activity sensory (green) and an opsin (magenta) neural 
activity can be simultaneously recorded with calcium imaging, and optogenetically 
manipulated with cellular resolution patterned photostimulation allowing both read and 
write capabilities over population activity. (b) Functional measurements of neural 
activity (e.g., during behaviour) can be used to guide optogenetic manipulation 
selectively to stimulus or task-relevant neurons, and changes in behaviour can 
subsequently be assessed. Patterned photostimulation experiments can therefore be 
performed to directly test neural codes for sensory perception. (c) A proof-of-principle 
experiment is shown. L2/3 neurons in barrel cortex express both GCaMP (green) and 
C1V1 (magenta). Photostimulation was targeted to individual neurons that showed 
angular tuning to whisker deflection direction, and the resulting photostimulation 
response was measured with calcium imaging. Figure is adapted from Packer et al, 
2015 (panels a and c), and Packer et al, 2013 (panel b).  
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1.4. BARREL CORTEX AS A MODEL SYSTEM 
 

1.4.1. MICE AS MODEL ORGANISMS 
 

Linking patterns of neural activity with sensory and motor processes requires 

methodical characterisation of neural circuit function in model organisms during 

controlled behavioural tasks (O’Connor et al., 2009). Historically, the study of 

perceptual decision-making has been dominated by non-human primate research 

(Britten et al., 1992, 1996; Gold and Shadlen, 2007; Newsome et al., 1989; Salzman 

et al., 1990, 1992). However, recent development of genetic, molecular and 

experimental tools (Boyden et al., 2005; Luo et al., 2008, 2018; Madisen et al., 2012; 

Tian et al., 2009), as well as practical and ethical concerns, has motivated a shift 

towards studying cognitive and behavioural processes in mice (Carandini and 

Churchland, 2013; O’Connor et al., 2009). Indeed, due to evolutionary homology, 

cortical circuits across mammalian species share many conserved structural and 

functional physiological properties (Harris, 2015). One of the predominant systems for 

studying sensorimotor processing is the rodent vibrissal system (Feldmeyer et al., 

2013; Petersen, 2007). Vibrissae support a wide range of sensory, motor and 

perceptual functions (Carvell and Simons, 1990; Diamond et al., 2008; Knutsen et al., 

2006; Staiger and Petersen, 2020) and provide an ideal model for probing the cortical 

basis of behaviour. 

 

1.4.2. WHISKERS 
 

Vibrissae, derived from the Latin vibrio ‘to quiver’, are stiff keratin hair-like orofacial 

protrusions present bilaterally in most mammals, and have been the subject of intense 

research for well over a century (Vincent, 1912). Commonly referred to as whiskers, 

these hair-like sensors are highly specialised tapered mechanosensory structures that 

transduce tactile input from the surrounding environment into patterns of neural activity 

essential for tactile sensation (Hires et al., 2013; Sofroniew and Svoboda, 2015). In 
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rodents, whiskers (~30 macrovibrissae) are arranged in a grid like arrangement on 

either side of the snout in rows labelled A to E and arcs numbered 1-6 by convention 

(Fig 1.8a; Diamond and Arabzadeh, 2013; Petersen, 2007).  

Far from being passive detectors, the whiskers constitute a highly sophisticated active 

sensing system through which rodents can sample and channel tactile information to 

somatosensory cortex. As primarily tunnel-dwelling and nocturnal, whiskers constitute 

the primary source of sensory input for mice. Accordingly, a substantial proportion 

(almost 25%) of primary somatosensory cortex is dedicated to receiving and 

processing afferent whisker input (Welker, 1971). Whisking, the action through which 

whiskers are rhythmically moved backwards and forwards via extrinsic and intrinsic 

facial muscles (Carvell et al., 1991), occurs in an oscillatory scanning pattern at ~15 

Hz, which can be differentially and asymmetrically directed to explore tactile space 

and palpate objects (Knutsen et al., 2006; O’Connor et al., 2010; Sofroniew and 

Svoboda, 2015).  

 

1.4.3. THE WHISKER-TO-BARREL PATHWAY 
 

Whilst the whisker itself is an inert hollow structure, each whisker follicle receives 

dense innervation from the nerve endings of a variety of ~200 mechanosensitive first-

order trigeminal ganglion (TGN) neurons (Diamond and Arabzadeh, 2013; Lee and 

Woolsey, 1975; Staiger and Petersen, 2020).  Different types of rapid or slow-adapting 

first order neurons support encoding of heterogenous kinematic and acceleration 

forces acting on the whisker enabling transduction of a wide range of complex tactile 

inputs into highly sensitive and discriminatory neuronal signals (Arabzadeh et al., 

2005; Gibson and Welker, 1983; Maravall and Diamond, 2014; Shoykhet et al., 2000; 

Stüttgen et al., 2006a).  

Each TGN peripheral branch exclusively innervates a single follicle and therefore each 

TGN has a single-whisker receptive field (Zucker and Welker, 1969). The TGN central 

branch axons forms glutamatergic synapses in the trigeminal nuclei in the brainstem, 

which is the first synaptic relay stage in the whisker-to-barrel pathway (Clarke and 
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Bowsher, 1962). TGNs that innervate the same follicle terminate in topographically 

mapped clusters termed ‘barrelettes’ within the trigeminal nuclei, that match the grid-

like layout of the whiskers on the snout (Arvidsson, 1982; Belford and Killackey, 1979). 

Barrelettes process inputs from their isomorphic whisker and receive sensorimotor 

cortical feedback that may contribute to context-dependent sensory gating during 

behaviour (Chakrabarti and Schwarz, 2018; Smith et al., 2015).  

Projections from the brainstem nuclei to the somatosensory thalamus similarly form 

discrete and somatotopic functional clusters termed ‘barreloids’ (Van Der Loos, 1976). 

Each whisker is represented by ~250 neurons in a single barreloid, with individual 

VPM neurons also showing strong receptive fields for the isomorphic principal whisker, 

Figure 1.8  ç The whisker system as a model for studying sensorimotor processing 

(a)  Deflection input to a single whisker is transduced into patterns of action potentials by 
mechanosensory trigeminal ganglion first order afferent neurons which innervate the whisker 
follicle. Spikes are the relayed through the brain-stem ‘barrelettes’, to the thalamus ‘barreloids’ 
and then to L4 cortex ‘barrels’. Each relay synapse is glutamatergic. (b) Cortical barrels show 
topographic alignment that matches the layout of whiskers on the contralateral snout. (c) The two 
dominant ascending pathways from thalamus to cortex are shown. Red shows the lemniscal 
pathway from VPM, which primarily targets L4 and carries information corresponding to the 
isomorphic single whisker. Green shows the paralemniscal pathway from POM can carry more 
complex multi-whisker input and innervate L1 and L5. (d) Barrel cortex is reciprocally connected 
with many cortical regions including S2, M1 and contralateral S1. Figure is directly taken from 
Petersen, 2007. 
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and weaker responses to adjacent whiskers (Brecht and Sakmann, 2002), and can 

fire in bursting or tonic modes implicated in mediating rate and temporal coding of 

different whisker deflection kinematic features (Ahissar et al., 2000; Armstrong-James 

and Callahan, 1991; Petersen et al., 2008a; Swadlow and Gusev, 2001).  

The thalamocortical glumatergic ‘relay’ projections from individual VPM barreloids 

target somatosensory cortex layer 4, again terminating in discrete functional clusters 

of around 300 µm in diameter (Fig 1.8b,c). These units, famously termed ‘barrels’ for 

their distinct topographic and cytoarchitectural arrangement upon discovery (Woolsey 

and Van der Loos, 1970), have been the recipient of intense neurophysiological 

research probing cortical processing of tactile sensorimotor information (Carvell and 

Simons, 1987; Feldmeyer et al., 2013; Pinto et al., 2000; Simons, 1985; Staiger and 

Petersen, 2020). L4 neurons receive convergent input from ~85 thalamocortical VPM 

neurons, which provide weak but highly synchronous input to drive robust activity 

(Bruno and Sakmann, 2006), with each thalamocortical axonal projection appearing 

to exclusively target a single L4 barrel (Bernardo and Woolsey, 1987).  

Each L4 barrel contains ~2000 excitatory neurons (Woolsey and Van der Loos, 1970), 

which predominantly show preferential receptive fields to the principal somatopically 

aligned whisker - through a segregated information channel from follicle, to barrelette, 

to barreloid, to barrel (Simons, 1978). In addition to predominately targeting L4, 

weaker thalamic input from the VPM also directly projects to other layers including 

L2/3, L5b and L6 (Constantinople and Bruno, 2013; Sermet et al., 2019), as can 

projections from thalamic paralemniscal channels. Indeed, various different parallel 

ascending pathways originating from different thalamic nuclei which can carry distinct 

whisker stimulus signals and can contact both primary and secondary somatosensory 

cortices with cell-type and laminae specificity (Bureau et al., 2006; El-Boustani et al., 

2020; Koralek et al., 1988; Sermet et al., 2019; Yu et al., 2006).  

Geometric structure and functional topography is an effective and efficient way for 

organising cortical representations of sensory space (Friston et al., 1996; Shepherd et 

al., 2005; Temereanca and Simons, 2004). The striking topographic mapping from 

whisker to cortex is fundamental for rapidly and reliably relaying spatial, textural and 

temporal tactile information to cortex for accurate cortical stimulus detection and 
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discrimination. Remarkably, a recent discovery of somatopically aligned ‘infra-barrel’ 

clusters in L6 (Crandall et al., 2017), delineated through different densities of 

corticothalamic and cortico-cortical L6 projection neurons, implies that there may be 

further levels of functional and structural organisation yet to be discovered in the 

whisker system. Such discoveries are bound to be upheld through application of the 

ever-increasing range of sophisticated genetic, molecular, and technical tools for 

probing neural structure and function to the awake behaving mouse. 

 

1.4.4. SENSORY-EVOKED RESPONSES IN BARREL CORTEX 
 

Barrel cortex can be functionally mapped in vivo by coupling single-whisker stimulation 

with neurophysiological recording methods including multi-penetrating cortical 

electrode arrays, intrinsic signal imaging (and even fMRI; Yang et al., 1996), and 

through the delivery and subsequent visualisation of fluorescent activity sensors like 

voltage-sensitive dyes and genetically encoded calcium indicators (Petersen, 2007). 

Each barrel column (in the mouse), is defined as the vertical extent directly above, and 

below, a L4 barrel spatial footprint (Simons, 1978),  and contains approximate 10000 

neurons (Lefort et al., 2009). These neurons are organised into cortical layers, each 

with distinct morphological, cellular, molecular and connectivity profiles that support a 

diverse and enigmatic range of computations (Adesnik and Naka, 2018; Bastos et al., 

2012; Harris and Shepherd, 2015). Both interlaminar and intralaminar connections 

enable signal propagation vertically with a barrel column, and laterally across 

neighbouring barrels. Understanding the circuit motifs and the functional logic that 

dictate cortical signal flow is critical for obtaining a mechanistic understanding of the 

relationship between cortical circuit function (Braganza and Beck, 2018; Feldmeyer et 

al., 2018a; Hangya et al., 2014; Sachdev et al., 2012). 

A classical model for investigating cortical signalling processes has been to study the 

flow of excitation through the whisker-to-barrel pathway, and subsequently through 

the canonical barrel column microcircuit, following deflection of a single-whisker 

deflection (Armstrong-James et al., 1992; Lübke and Feldmeyer, 2007). Afferent and 

synchronous drive from thalamus activates L4 spiny neurons with short latency (Bruno 
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and Sakmann, 2006). L4 neurons show a high-rate of recurrent connectivity 

(Feldmeyer et al., 1999; Lefort et al., 2009), which may play important roles in 

amplifying afferent inputs (Douglas et al., 1995; Lien and Scanziani, 2013). L4 neurons 

preferentially send outputs to L2/3 neurons (Feldmeyer et al., 2002; Lefort et al., 2009), 

which in turn provide strong input to L5 (Lefort et al., 2009; Quiquempoix et al., 2018; 

Schubert et al., 2001). These connections are generally not reciprocated (Shepherd 

et al., 2005), and therefore feedforward input flows into the column via L4, up through 

L2/3 and out, to other cortical and subcortical targets, via L5 (Harris and Shepherd, 

2015). L2/3, positioned between input and output layers, is presumed to play a 

fundamental role in sensory processing and cortical computation (Lübke and 

Feldmeyer, 2007; Petersen, 2007; Petersen and Crochet, 2013a). Much remains 

unclear about the degree to which stimulus-selectivity is inherited (i.e. from tuned 

thalamic input) or emerges through specific synaptic interactions within and across 

layers (Brecht et al., 2003; Sun et al., 2016). Indeed many thalamic neurons are finely 

tuned to specific kinematic and temporal features of whisker input (Petersen et al., 

2008a)  

Neurons in L2/3 show sparse and heterogenous sensory evoked responses tuned to 

selective kinematic and tactile features of whisker input (Barth and Poulet, 2012; 

Martini et al., 2017; O’Connor et al., 2010; Ranjbar-Slamloo and Arabzadeh, 2019). 

Single neurons can discriminate across many different tactile features including 

neighbouring and multi-whisker input (Brumberg et al., 1996; Clancy et al., 2015), 

texture (Garion et al., 2014), frequency (Musall et al., 2014), angular direction 

(Andermann and Moore, 2006), deflection amplitude and velocity (Pinto et al., 2000), 

tactile sequences (Bale et al., 2017) and between contralateral and ipsilateral stimuli 

(Shuler et al., 2001) with high reliability. Furthermore, the neurometric sensitivity of 

single cortical neurons can match psychometric behavioural performance, and predict 

perceptual trial-outcome, implying barrel cortex plays an causal role in coding 

behaviourally relevant sensory information (Sachidhanandam et al., 2013; Stüttgen 

and Schwarz, 2008; Yang et al., 2015).  

Cortex-wide imaging of suprathreshold and subthreshold activity through voltage-

sensitive dyes (VSDs) has offered a unique way to track cortical activity signatures as 
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they evolve across space and time (Grinvald and Hildesheim, 2004). Single-whisker 

deflections recruit a stereotyped pattern of activity, which initially originates in the C2 

column (~10 ms following whisker input) before rapidly spreading to the neighbouring 

barrels, secondary somatosensory cortex, motor cortex and other areas including the 

contralateral hemisphere (Ferezou et al., 2006, 2007; Hubatz et al., 2020; Petersen, 

2007). The ability for activity to rapidly propagate from barrel cortex is due to many 

long-range output projections, which functionally couple barrel cortex neurons 

(predominantly in L2/3 and L5/6) with a wide cortical and subcortical network 

implicated in coordinating goal-direct sensorimotor transformations (Fig 1.8d; Aronoff 

et al., 2010; Crochet et al., 2019; Esmaeili et al., 2020; Yamashita et al., 2018).  

 

1.4.5. BARREL CORTEX AND BEHAVIOUR 
 

The rodent vibrissal system constitutes a remarkably sophisticated tactile sensory 

signalling system, and has emerged as one of the dominant experimental models to 

probing the links between neuronal structure, function and behaviour (Staiger and 

Petersen, 2020). Barrel cortex has been extensively studied at molecular, cellular, 

synaptic and circuit levels for many years, and has led to fundamental insights into 

how sensory signal processing in neocortex is structured in time and space 

(Armstrong-James and Callahan, 1991; Armstrong-James et al., 1992; Bruno and 

Simons, 2002a; Krupa et al., 2001; Simons, 1978; Woolsey and Van der Loos, 1970). 

The relatively recent surge in the rigourous examination of barrel cortex circuits in 

awake behaving mice has been spearheaded by two fundamental experiment 

revolutions – the development of sophisticated head-fixation paradigms and the rise 

of increasingly sensitive and specific techniques for measuring and manipulating 

neural circuits in vivo. These efforts are helping link years of extensive structural and 

functional characterisation with fundamental perceptual and behavioural functions in 

the vibrissal system, which are yielding exquisite insight into the neural basis of 

somatosensory perception.  

For well over 100 years, the precise function, or functions, of barrel cortex has 

prompted much discussion (Hong et al., 2018; Vincent, 1912). The exquisite coupling 
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between highly sensitive and specific tactile stimulus feature selectivity at the level of 

individual barrel cortex neurons naturally implies barrel cortex plays an important role 

in generating tactile sensory representations, however neuroscientists are always 

wary of conflating correlation with causation. To test causation, permanent lesion 

studies, pharmacological modulation and electrical microstimulation techniques have 

largely been supplanted in favour of cell-type specific, rapid and reversible optogenetic 

control. It is routinely demonstrated that such loss and gain-of-function cortical 

perturbations have strong modulatory effects on whisker behaviours, predominantly 

during passive or active touch behavioural tasks. 

Whilst inherently important for probing the perceptual mechanisms driving basic 

decision processes that drive stimulus detection and discrimination, mice do more 

than just touch, detect and react to objects. The whiskers are specialised for 

transducing precise spatial, textural and temporal characteristics of the sensory 

environment, with barrel cortex receiving a constant stream of rich somatosensory 

information. Naturally, efforts have been made to develop more sophisticated tasks to 

probe barrel cortex function using virtual-reality environments and complex textural 

and temporal discrimination tasks (Bale et al., 2017; Chen et al., 2013a; Sofroniew et 

al., 2014). Furthermore, efforts have recently sought to probe flexible sensorimotor 

processing during reversal learning paradigms (Banerjee et al., 2020a; Chéreau et al., 

2020), which allow valuable insights into how sensory associations are learned, and 

adapted, in the face of changing environmental conditions.  

Revealing the true potential of cortical processing experimentally will require novel and 

ethological behavioural tasks, perhaps facilitated by the advent of miniature head-

mounted recording and perturbation devices, to probe barrel cortex function under 

naturalistic settings.  In line with experimental investigations, theoretical models of 

somatosensory function and algorithmic computation are crucial for understanding 

brain function (Bernardi et al., 2021; Brecht, 2017; Maravall and Diamond, 2014; Marr, 

1982). Indeed theoretical and experimental neuroscience benefit greatly from 

cooperation, and together will play an integral role in finally cracking the 

somatosensory neural code (Panzeri et al., 2017).  
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1.4.6. HEAD-FIXATION PROCEDURES 
 

As mice have come the dominant behavioural model in experimental neuroscience, 

many sophisticated decision-making tasks, rivalling those pioneered in non-human 

primates in design and complexity, have subsequently been developed for mice 

across somatosensory (Mayrhofer, 2013; O’Connor et al., 2010), visual (Burgess et 

al., 2017), auditory (Sanders and Kepecs, 2012), olfactory (Abraham et al., 2012; 

Resulaj and Rinberg, 2015) and even gustatory (Vincis et al., 2020) modalities. In 

many of these studies it is advantageous to restrict movement through head-fixation, 

which allows for controlled stimulus presentation, quantification of motor output and 

stability for sensitive neurophysiological recordings (Guo et al., 2014c). Furthermore, 

as experimental hardware can be bulky, fixing the sample relative to the equipment is 

usually a necessity (although miniaturisation is possible: Helmchen et al., 2001; 

Wallace and Kerr, 2019; Zong et al., 2017).  

Head-fixation is achieved through screw-fixing a lightweight metal implant, which is 

surgically fastened to the skull under anaesthesia, into a holding frame (Guo et al., 

2014c). Head-fixation initially causes a large corticosterone stress response which 

decreases through acclimatisation over the course of 2-3 weeks (Juczewski et al., 

2020). Accordingly, it is generally advisable to habituate and acclimatise mice to 

experimenter handling, behavioural training environments and head-fixation before 

initiating training or neurophysiology recordings (Guo et al., 2014c). The restrictions 

on body movement, assumed to contribute to stress, can be mitigated by allowing 

head-fixed mice to run on a Styrofoam wheel/ball, which can be used to track 

locomotor activity (Niell and Stryker, 2010), or coupled to a virtual reality set-up 

(Harvey et al., 2009; Sofroniew et al., 2014).  

As perturbation experiments are the gold standard approach for testing functional links 

between neural and perceptual processes, rigourous quantification of behavioural 

choice is essential for correctly interpreting the effects of stimulation on behaviour 

(Jazayeri and Afraz, 2017; Krakauer et al., 2017; Panzeri et al., 2017). However, as 

perceptual tasks evoke activity across a distributed network of brain regions (Guo et 

al., 2014a; Pinto et al., 2019; Steinmetz et al., 2019), and neural circuits have 
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numerous local and distal targets (Aronoff et al., 2010; Petreanu et al., 2007; 

Yamashita et al., 2018), inferring causal dependencies must be done with caution 

(Wolff and Ölveczky, 2018).  

The whiskers, and indeed isolated single-whiskers, support a range of perceptual and 

behavioural functions ranging from simple passive detection of tactile inputs to 

complex navigation, object recognition and localisation, shape, textural and temporal 

discrimination (Bale et al., 2017; Carvell and Simons, 1990; Chen et al., 2013a; 

Diamond, 2010; Knutsen et al., 2006; Maravall and Diamond, 2014; O’Connor et al., 

2010; Vincent, 1912). However, the precise role of barrel cortex in coordinating 

whisker-mediated perception remains unclear (Hong et al., 2018; Stüttgen and 

Schwarz, 2018). Studying sensorimotor processing in the whisker system, using new 

and improved recording and manipulation techniques applied during well-designed 

and controlled behavioural tasks, will allow exquisite insight into the neural 

mechanisms underlying many distinct forms of both active and passive tactile 

perception.  

 

1.4.7. DESIGNING BEHAVIOURAL TASKS FOR MICE 
 

To systematically probe the relationship(s) between sensory input and sensory 

experience, many behavioural experiments apply design principles and concepts from 

psychophysics and Signal Detection Theory (SDT; Fig 1.9; Fechner, 1860; Green and 

Swets, 1966). Classical psychophysical tasks require subjects to make perceptual 

judgements using sensory cues, which are often systematically varied across a given 

stimulus dimension. Comparing behavioural responses across stimulus conditions can 

elucidate the relationship between physical stimulus attributes and subjective stimulus 

perception (Green and Swets, 1966). Combining psychophysical testing methods with 

techniques for recording neural activity enables power insights into the relationships 

between psychometric and neurometric response functions (Britten et al., 1992, 1996; 

Newsome et al., 1989; Parker and Newsome, 1998; Stüttgen and Schwarz, 2010). 
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Psychophysics tasks can be broadly split into different classes depending on whether 

the perceptual demands involve stimulus detection or discrimination (Stüttgen et al., 

2011), and with respect to the number of options available for reporting behavioural 

choice. The simplest task design involves reporting the presence of a stimulus (e.g., 

a visual grating or a whisker deflection) through a singular ‘yes’ response (Fig 1.9b). 

This design can be improved by training mice to discriminate a specific ‘Go’ stimulus 

attribute (e.g. a specific visual orientation or texture), whilst withholding responses for 

‘Nogo’ stimuli (Carrillo-Reid et al., 2019; Chen et al., 2013a; Marshel et al., 2019).  

Due to training simplicity, Go/Nogo tasks are widespread in rodent literature 

(Sachidhanandam et al., 2013). Indeed, fast training is essential as long-term 

expression of opsin and GECIs can lead to degradation and abnormal cell function 

(Miyashita et al., 2013; Tian et al., 2009). However, task designs that involve reporting 

choice through one of two (or more) available response options are considered 

advantageous for improved interpretation of the perceptual components underlying 

task performance, and inferring the specificity of neural perturbations (Guo et al., 

2014b). For example, using two response options, offers a cleaner separation of 

perceptual processes from confounding issues like fluctuating impulsivity, decision-

biases and task engagement that may influence overall response tendency in a non-

specific way (Fig 1.9c; Busse et al., 2011; Carandini and Churchland, 2013). This is 

naturally very important as model organisms used in behavioural studies are non-

verbal, and therefore perceptual choices are reported through conditioned motor 

actions, usually licking. 
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Figure 1.9  ç Designing and interpreting perceptual tasks for mice 

(a)  Various approaches can be taken to infer perceptual experience from non-verbal model 
organisms. Through operant conditioning, head-fixed mice can be trained to report choices 
following stimulus presentation via targeted licking responses, manipulating a ‘choice-ball’ or 
turning a wheel, or ‘nose-poking’ at multiple available reward ports (in freely moving tasks), or 
via navigating through space in a virtual reality set-up coupled to a Styrofoam ball or linear track. 
(b) Go/Nogo task design principles. Subjects are required to report the presence of a particular 
stimulus attribute. Summary performance can be assessed by comparing hit rate (i.e., the fraction 
of ‘yes’ responses on trials when the stimulus is present) with false alarm rate (i.e., the fraction 
of ‘yes’ responses on trials when the stimulus is absent). The histograms show a range of 
hypothetical neural activity ‘decision variable’ distributions for stimulus ‘present’ and ‘absent’ 
trials that would lead to the detection performance curves shown on the left. (c) Two-alternative 
forced choice (2AFC) task design principles. Subjects can be presented with two stimuli 
simultaneously and have to discriminate between the two psychophysical channels as to which 
stimulus signal is greater. 2AFC tasks require subjects to perform a choice action on every trial, 
with specific actions cued by the different stimulus channels. Decisions are therefore 
hypothesised to be based on the relative difference across two decision-variable distributions, 
each one representing the stimulus evidence for one of the two cues. Figure is taken from 
Carandini & Churchland, 2013.  
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Several studies have sought to separate decision-related motor activity from reward-

associated motor activity by training mice to use forelimbs to manipulate levers (Histed 

et al., 2012), joysticks (Morandell and Huber, 2017), wheels (Burgess et al., 2017), 

choice-balls (Sanders and Kepecs, 2012) or linear treadmills (Resulaj and Rinberg, 

2015) to indicate behavioural decisions. A recent study even trained mice to 

manipulate the position of a visual object on a display screen to obtain rewards using 

a closed-loop brain machine interface (BMI) readout of cortical activity (Clancy and 

Mrsic-Flogel, 2021).  

As well as goal-direct actions, task-evoked behaviour can include idiosyncratic and 

stereotyped patterns of motor output (Kawai et al., 2015). Indeed, both during 

spontaneous activity and task performance, non-instructed ‘fidgeting’ dominates 

cortical activity patterns (Musall et al., 2019; Salkoff et al., 2020; Stringer et al., 2019b). 

Consequentially, the acquisition of behavioural videography, including pupillometry, 

body movements, analysed with sophisticated algorithms for markerless pose 

estimation (Mathis et al., 2018), is becoming increasingly popular for enabling 

rigourous quantification and interpretation of motor behaviour, behavioural state, and 

neural activity during head-fixed behaviours (Lee and Margolis, 2016; Musall et al., 

2019; Stringer et al., 2019b). 

As with humans and primates, rodents can reach expert levels of performance in 

decision-making tasks through operant conditioning (Hanks and Summerfield, 2017). 

Mice are typically motivated to engage in training through water or food deprivation, 

and therefore positive reinforcement during training can be delivered using small 

appetitive rewards (Guo et al., 2014c), although efforts are being made to develop 

alternatives that minimise physiological stress (Urai et al., 2020). For example, as the 

reinforcing effects of dopaminergic stimulation on behaviour have long been known 

(Olds and Milner, 1954), direct optogenetic stimulation of the ventral tegmental area 

(VTA) can serve as an potent operant reinforcer (Burgess et al., 2017). Furthermore, 

optogenetic stimulation of thirst-coding neurons in the hypothalamus can induce an 

artificial motivational state sufficient to drive water-reward seeking task engagement 

(Allen et al., 2017, 2019).  
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1.5. PROJECT AIMS 

A longstanding goal in neuroscience is to understand the mapping from sensory input 

to neural activity, and then the mapping from neural activity onto behaviour (Jazayeri 

and Afraz, 2017; Jazayeri and Movshon, 2006; Panzeri et al., 2017; Stanley, 2013). 

Fundamental insights into cortical processing and functional organisation originated 

with single-cell recordings that demonstrated feature selectivity in sensory cortex 

(Hubel and Wiesel, 1962; Simons, 1989). Many studies have since provided 

correlative evidence between single-neuron output and perceptual choice (Britten et 

al., 1996; Nienborg and Cumming, 2009; Nienborg et al., 2012; Sachidhanandam et 

al., 2013). However, to test causal dependencies, activity must be manipulated in a 

physiologically appropriate way during controlled behavioural tasks (Panzeri et al., 

2017; Peron and Svoboda, 2011; Salzman et al., 1992).  

The development of optogenetics, a toolkit that enables experimental control over 

neuronal output via the expression and activation of light-sensitive ion channels, has 

revolutionised the way neuroscientists interact with neural systems (Boyden et al., 

2005; Deisseroth et al., 2006; Häusser, 2014) and allowed many investigations into 

the somatosensory codes underlying tactile perception (Guo et al., 2014a; Huber et 

al., 2008; O’Connor et al., 2010; Sachidhanandam et al., 2013). Furthermore, recent 

breakthroughs in patterning two-photon excitation light now make it possible to 

manipulate multiple user-selected neurons using optogenetics with cellular resolution 

in vivo (Rickgauer et al, 2014; Packer et al, 2015). The novel capability of selectively 

interrogating sub-populations of neurons based on their functional identity has 

transformed our ability to dissect neural circuit function (Dalgleish et al., 2020; Marshel 

et al., 2019; Peron and Svoboda, 2011; Robinson et al., 2020; Russell et al., 2019). 

The aims of my project were to first develop a whisker-based perceptual decision-

making task for head-fixed mice, to allow psychometric investigation of the link 

between sensory input and perceptual output. Next, I aimed to use two-photon calcium 

imaging to map sensory inputs on L2/3 barrel cortex activity. Finally, I aimed to apply 

cellular-resolution holographic photostimulation of task-relevant neurons to causally 

map the transformation from neural activity to perceptual output. 
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2. MATERIALS AND METHODS 
 

2.1. ANIMALS AND SURGICAL PROCEDURES 
 

2.1.1. ANIMALS 
 

Wild-type adult female mice (Mus musculus, C57BL/6, P35 - 42 on day of injection) 

were used for all behavioural, imaging and photostimulation experiments. Four PV-

Cre mice, expressing Cre-recombinase in PV interneurons, were used for optogenetic 

photoinhibition experiments. Mice were single-housed in individually ventilated cages 

(IVCs) to avoid whisker barbering when group-housed (Sarna et al., 2000). 

Environment enrichment (climbing toys etc.) was added in each cage to provide 

sensory stimulation important for welfare (Bailoo et al., 2018; Lemessurier et al., 

2019). 

 

2.1.2. SURGICAL PROCEDURES 
 

All surgical procedures were carried out under aseptic technique and under license 

from the UK Home Office in accordance with the Animal (Scientific Procedures) Act 

1986. Mice were implanted with a headplate, injected with virus and installed with a 

cranial imaging window in a single surgery session (duration ~2 hours). Mice were first 

anaesthetised with isoflurane (5% induction, 1.5% maintenance) and injected 

subcutaneously with an analgesic (Carprieve). The scalp was shaved with clippers to 

remove fur then cleaned with iodine and a physiological in vivo external (IVE) solution 

(150 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 1 mM MgCl2) using sterile 

swabs (Sugi, Kettenbach). Mice were then fixed in a cranial stereotaxic frame and 

placed on a heat mat maintained at 37°C, and the pedal withdrawal reflex was 

monitored to test depth of anaesthesia. Lidocaine was applied topically to the scalp 

before incision. Scalp was then removed bilaterally with surgical scissors revealing the 

dorsal surface of the skull. An aluminium headplate with a 7 mm diameter circular 
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imaging well (Fig 2.2a inset) was fixed over the right hemisphere with dental cement 

(Super-Bond C&B, Sun-Medical).  

 

A craniotomy (4 mm diameter) was made in the centre of the headplate well over S1 

(2 mm anterior, 3.5 mm lateral from bregma) with a dental drill (NSK UK Ltd.), and the 

dura was removed using fine tweezers. Virus was front-loaded into a bevelled 

micropipette and injected at cortical depth of 300 µm at 0.1 µl/min (total volume 0.5 – 

1 µl) using a calibrated oil-filled hydraulic injection system (Harvard apparatus). For 

one-photon optogenetic experiments, mice were co-injected with GCaMP6s (AAV1-

hSyn-GCaMP6s-WPRE-SV40) and C1V1 (AAVdj-CaMKIIa-C1V1(E162T)-TS-P2A-

mCherry-WPRE) in a 1:10 ratio. For two-photon imaging and targeted two-photon 

photostimulation experiments, mice were co-injected with GCaMP6s and somatically-

targeted C1V1 (st-C1V1; AAV2/9-CaMKII-C1V1(t/t)-mScarlett-Kv2.1). Stock st-C1V1 

was diluted 1:10 in virus buffer, and GCaMP6s was added to the dilution mixture in a 

ratio of 1:10 GCaMP:st-C1V1. For PV-Cre mice, flexed-C1V1 (AAV-DJ-EF1a-DIO-

C1V1(E162T)-TS-p2A-mCherry) was injected with GCaMP6s in a 1:10 GCaMP:C1V1 

ratio. Opsin-negative control mice were injected with GCaMP6s diluted 1:10 in virus 

buffer. 

The needle was retracted 5 minutes after the injection had completed (to prevent 

backflow) and a cranial window (made from a 3 mm circular glass cover slip glued 

onto a 4 mm circular glass cover slip with optical glue NOR-61, Norland Optical 

Adhesive) was press-fit into the craniotomy and sealed in place with Vetbond and 

dental cement. For muscimol silencing experiments, specialised windows with a laser 

cut hole through the middle (500 µm diameter, Laser Micromachining, UK) temporally 

plugged with silicone (Kwik-Sil) were installed to allow pharmacological access to 

cortex. Following completion of the surgery, mice were placed in an incubated 

recovery chamber and monitored closely until normal locomotor activity resumed. 

Post-operative care included daily weight and health monitoring, and Carprieve 

administration in the home cage water supply for 4-5 days.   
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2.1.3. WHISKER TRIMMING 
 

Whisking trimming was performed under light isoflurane anaesthesia. Mice were 

positioned under a stereo microscope (Leica), and all whiskers except the bilateral 

principal whiskers (usually C2) were clipped at the base using surgical scissors. This 

procedure was repeated weekly to account for whisker regrowth. For whisker clipping 

control experiments during behaviour, single whiskers were trimmed carefully using 

scissors whilst mice remained head-fixed and awake.  

 

2.1.4. WATER RESTRICTION 
 

To motivate task engagement, access to cage water was removed, and water (0.5 - 1 

ml, 5% sucrose solution) was received through daily behavioural training. Behavioural 

training commenced when body weight dropped to 85% of starting weight (typically 

with 3 - 4 days; Fig 2.2c) and was maintained between 80 - 90% for the duration of 

training. If few rewards were delivered in a given session (i.e., poor task performance) 

supplementary water was provided after training. Daily health checks were performed 

to identify signs of poor health and excessive dehydration, and extra water was 

provided if necessary.  
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2.2. BEHAVIOURAL TRAINING 
 

2.2.1. WHISKER STIMULATION 
 

Contralateral and ipsilateral whiskers were deflected along the anterior-posterior axis 

with two one-dimensional piezoelectric actuators (Physik Instrumente; PL127.11) 

positioned ~5 mm from the base of the whisker pad on either side of the snout. For 

single-whisker stimulation, whiskers were threaded into glass-capillaries glued to 

piezo actuators and deflected with 50 ms single square pulses (Fig 2.1a). For multi-

whisker stimulation, whiskers were deflected with cardboard stimulus ‘paddles’ (2 x 3 

cm) glued to piezo actuators and positioned in the whisker fields. Multi-whisker 

stimulation consisted of a sinusoidal deflection for 500 ms at 20 Hz with uniform 

intensity. Stimulus intensity was modulated by varying the voltage signal amplitude 

used to drive the piezos. Videography was used to measure piezo movement 

trajectories and calibrate the transformation from voltage input to displacement output 

(Fig 2.1). Analogue waveforms were generated using custom written Matlab 

(MathWorks) scripts using the 'Data Acquisition Toolbox’, and outputted to single 

channel piezo drivers (Noliac, NDR6110) via a National Instruments card (USB-6351).  

 

 

Figure 2.1  ç Stimulus calibration.  

(a) Example videography frames showing left and right piezo capillaries at rest (left) and following 
a voltage displacement signal of 1 V (middle, piezo ‘A’ is displaced). The right image shows the 
overlay. (b) Piezo displacement was measured across a range of voltage amplitudes for left (A, 
red) and right (B, blue) piezo deflectors. This enabled precise control over whisker deflection 
stimuli. (c) LED power calibration. One-photon optogenetic stimulation was calibrated by 
measuring a voltage-power curve.  
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2.2.2. HABITUATION TO HEAD-FIXATION 
 

Prior to training, mice were habituated to experimenter handling and allowed to freely 

‘explore’ the head-fixation platform and tube (Fig 2.2a). Head-fixation began with short 

periods (1 – 5 minutes), which incrementally increased up to ~30 minutes across 1-2 

days. During head-fixation habituation, water rewards were delivered through the 

lickports to encourage mice to learn directional licking. Habituation to directional licking 

was important in reducing the early adoption of lateralised lick biases during training. 

 

2.2.3. STIMULUS-RESPONSE CONTINGENCIES 
 

Head-fixed mice received passive whisker deflections to the left and right whiskers 

and were trained to report which side received the larger deflection via a left/right lick 

response at a dual lickport. Different cohorts of mice were trained on the two-opposing 

stimulus-response contingencies. The symmetric contingency conditioned a 

congruent association between stimulus and response (e.g., Stim left = Lick left). The 

asymmetric contingency conditioned an incongruent association (e.g., Stim left = Lick 

right). As headplates were installed over right somatosensory cortex, I henceforth refer 

Figure 2.2  ç Behavioural training apparatus  

(a) Head-fixation platform used for training. Inset shows an example headplate, the circular 
imaging well measures 7 mm in diameter. (b) Custom-built training boxes. The two boxes on 
the left were built and used by me for behavioural training. (c) Example body weights for a 
cohort of mice across training. Weights are normalised to weight on the starting date of water 
restriction. The red dashed line indicates the beginning of behavioural training (day 0). 
Individual mice are shown by thin grey lines with the average shown in black.     
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to left (contralateral; colour-coded as red) whisker stimuli and lickport as ‘Stim/Lick A’ 

and right (ipsilateral; colour-coded as blue) whisker stimuli and lickport as ‘Stim/Lick 

B’. In this context, I define ‘choice’ as the operant response conditioned for the 

stimulus (i.e., for Stim A, Choice A = Lickport A for symmetric mice, but Lickport B for 

asymmetric mice). 

 

2.2.4. TASK LEARNING 
 

To ensure reliable learning of the two-alternative forced choice (2AFC) framework, 

mice were initially trained on a simplified two-stimulus two-choice task. During this 

training phase, only unilateral A or B stimuli (i.e., no distractor stimuli) of 100% intensity 

were delivered. To promote associative learning of the stimulus-response 

contingency, the first 2-3 sessions were instructionary. During these sessions, the 

target lick response was prompted with an automatic reward (‘autoreward’), which was 

unconditionally triggered 750 ms after the stimulus. Accordingly, if mice chose 

incorrectly on a given trial, or failed to lick within 750 ms, an autoreward was delivered 

to the target lickport to indicate the operant choice that should have been made. 

Correct choices that preceded the scheduled autoreward time triggered instantaneous 

reward (and cancelled the later autoreward). In passive training sessions, individual 

trial responses were classed as active or passive depending on whether the reaction 

time preceded or proceeded the autoreward respectively (i.e., whether the behaviour 

was pre-emptive or reactive to reward).  

For accurate assessment of learning, only active trials were considered for 

quantification of task performance. Sessions with less than 50 active trials were not 

analysed. Both active and passive trials were used to calculate average session 

response time during passive training. Following 2-3 days of autoreward instruction, 

subsequent sessions had the autoreward feature disabled, requiring mice to respond 

correctly to obtain water rewards. Autoreward was occasionally and transiently re-

enabled if mice displayed a strong response bias that persisted across multiple 

sessions. 
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2.2.5. INTENSITY DISCRIMINATION 
 

Following learning of the ‘two-stimulus two-choice’ framework, mice were transitioned 

to intensity discrimination training. Simultaneous pulsatile bilateral deflections were 

delivered to the whiskers, and the difference in deflection intensity cued the target 

behavioural response. Accordingly, for the symmetric contingency if Stim A > Stim B, 

the target response is Lick A. For the asymmetric contingency, if Stim A > Stim B, the 

target response is Lick B. Signed intensity difference (%) was calculated as Stim A – 

Stim B. Ambiguous trials (Stim A = Stim B = 50%, intensity difference = 0%) were 

rewarded with 50% probability. In behavioural training sessions, mice received 9 

intensity difference trial types ranging from -100 to +100% in steps of 25%. In 

discrimination sessions incorrect choices were not punished with negative 

reinforcement (beyond the omission of reward) to encourage mice to respond across 

all trial regardless of discrimination difficulty. 

 

2.2.6. DELAYED-RESPONSE TASK VERSION 
 

For two-photon imaging and photostimulation experiments, mice were trained on a 

delayed-response version of the task. This task incorporated a delay epoch (1.4 s) 

between stimulus delivery and response window onset to allow temporal separation 

of sensation and action task epochs in imaging data. Following whisker stimulation 

(0.5 s), mice withheld licking and were instructed to report their decision after a ~1.5 

second delay (from stimulus onset) via an auditory go cue (RS piezo buzzer, 200 ms). 

To enforce this delay period, the lickports were mounted on a linear motor (P16 Mini 

Linear Actuator, Actuonix), which was controlled via a linear actuator control board 

(LAC board, Actuonix). The lickports were moved in and out on each trial using a 

square driving signal generated in Matlab (in duration 2 s, duty cycle 20%). In imaging 

and photostimulation experimental sessions, a post-hoc video-based measure of 

licking was derived to quantify early lick responses. The lickport motor took 170 ms to 

extend (a translation of 1 cm), and lickports were in position 1.7 s following stimulus 

onset. 
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2.2.7. BEHAVIOURAL TRAINING SOFTWARE AND HARDWARE 
 

The behavioural task configuration was designed and controlled using PyBehaviour 

(https://github.com/llerussell/PyBehaviour). This software interfaced with a USB 

microcontroller (Arduino Mega 2560) to send various stimulus triggers, detect licking, 

score trial outcome and trigger rewards via a custom-built breakout box, through which 

hardware inputs and outputs were connected. Behavioural training took place in 

custom built training boxes (Fig 2.2b). Sheet metal was riveted to an aluminium square 

tubing frame (50H x 60W x 60D cm), which was lined with sound attenuating foam, 

and fitted with a hinged access door. A dual lickport was constructed using syringe 

needles (manually filled down to a dull point) held in a plastic block (distance between 

syringe tips 5 mm), and a dual lick-o-meter circuit (Slotnick, 2009) was used to detect 

licks electrically. Each lickport was gravity fed with water through plastic tubing, which 

was gated by a solenoid pinch valve (225PNC1-11, NResearch). A small water droplet 

(5 ul) could be delivered to each lickport by transiently opening either solenoid via a 

TTL signal (square pulse, duration 100 ms). A set of USB speakers provided constant 

background white-noise to mask sensory cues (e.g., piezo movement) and attenuate 

outside noise. Piezo deflectors, lickport and behavioural videography cameras were 

mounted on 3D-manipulatable articulated arms fastened on a magnetic base (NOGA, 

RS components) with a single centre lock clamp, for precise and flexible positioning. 
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2.3. IMAGING NEURAL ACTIVITY 
 

2.3.1. INTRINSIC SIGNAL IMAGING 
 

Intrinsic signal imaging was used to localise the somatotopic position of the C2 whisker 

barrel to aid injection targeting during some surgeries (Grinvald et al., 1986). Intrinsic 

imaging was performed under light anaesthesia using a CCD camera (Pike F-032b, 

Allied Vision Technologies). The surface of the skull was illuminated with a red LED, 

and images (7.5 fps) were collected, before and after contralateral C2 whisker 

stimulation (4 s, 10 Hz sinusoid, 20 s ISI). Average images during the baseline (6 s 

pre-stim onset) and response (6 seconds post-stim offset) windows were generated, 

and the difference was calculated to reveal localised hemodynamic changes in red 

light reflectance. The midpoint (defined as the pixel with maximum intensity) of the 

intrinsic signal, was overlayed on a blood vessel image to indicate the barrel location 

(Fig 2.3e) and used to inform the location of virus injection (~0.5 mm from barrel to 

avoid directly damaging the barrel column) and cranial window position.          

 

2.3.2. WIDEFIELD FLUORESCENCE IMAGING 
 

Widefield GCaMP fluorescence imaging was performed to localise barrel cortex 

through the cranial window 2-3 weeks following surgery (Issa et al., 2014). Cortex was 

illuminated with a blue LED (Thorlabs) focused onto the cortical surface through a 

4x/0.1-NA air objective (Olympus). GCaMP6s fluorescence was passed through a 

GFP excitation filter (Thorlabs) and detected on a CMOS camera (ORCA-Flash4.0, 

Hamamatsu) via the objective (FOV ~1.5 x 1.5 mm). Contralateral whiskers were 

deflected at 10 Hz for 0.5 seconds during imaging. Stimulus-triggered average images 

were normalised to a 3 s pre-stimulus baseline window. Widefield imaging was 

performed before every imaging and photostimulation experiment at 10 fps, 15-20 

stimulus repeats were delivered passively (i.e., not during task performance) to reduce 

licking/reward signal contamination. 
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Figure 2.3  ç Localising barrel cortex  

(a) Cortical GCaMP6s response to brief C2 whisker deflection. The top left image shows baseline 
GCaMP6s expression, and the remaining images show the normalised fluorescence response at 
sequential time points following passive deflection of the C2 whisker. Imaging data was acquired at 
40 fps. (b) Average fluorescence trace from the C2 barrel in the example shown in (a) aligned to onset 
of the stimulus (bottom trace). (c) Sequentially stimulating different whiskers revealed the classical 
somatotopic mapping of barrel cortex. An example overlay image from 3 individual whisker maps is 
shown and coloured according to whisker. The D2 barrel (whisker stimulation map) is shown in green, 
the C2 barrel is shown in blue and the B2 in red. (d) Average fluorescence traces from barrel ROIs in 
(c). Each row shows the extracted trace from a barrel ROI, each column shows a different whisker 
stimulation condition. (e) Intrinsic signal imaging single whisker maps performed through the skull on 
the day of surgery somatopically matched widefield imaging maps (acquired after stable GCaMP 
expression). 
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2.3.3. TWO-PHOTON CALCIUM IMAGING 

Two-photon calcium imaging data was acquired on a resonant scanning system 

(Bruker Corporation) at 30 Hz with 512 x 512-pixel resolution (FOV 470 x 470 µm). A 

25x/0.95-NA water-immersion objective (Leica) was used for all behavioural imaging 

and photostimulation experiments. All behavioural imaging was acquired from a single 

imaging plane in L2/3 barrel cortex (150-200 µm below the pial surface). GCaMP6s 

was excited using a Chameleon Ultra II laser (Coherent) at 920 nm, which was raster 

scanned across the FOV. Static C1V1-mCherry and st-C1V1-mScarlet images were 

acquired at 765 nm. Imaging power under the objective was 50 mW, a power level 

confirmed to not activate C1V1-expressing neurons given the FOV size (Packer et al., 

2015). 

For synchronising imaging data with experimental events, all waveforms, signals and 

triggers pertaining to imaging (two-photon imaging and camera frames), 

photostimulation (SLM and photostimulation triggers, galvanometer spiral 

trajectories), sensory stimulation (piezo waveforms, auditory go cue) and behavioural 

task events (stimulus triggers, licking signals, lickport motor movement etc.) were 

recorded on analogue inputs channels to a National Instruments DAQ card controlled 

with PackIO software (Fig 2.4, Watson et al., 2016). Samples in PackIO were acquired 

at 10000 Hz for behavioural training sessions, and 20000 Hz for 2P 

imaging/photostimulation experiments.   

Figure 2.4  ç Synchronising two-photon imaging data with task events.  

PackIO recording from an example trial showing recorded two-photon imaging frame triggers, and task 
event signals (piezo deflection waveform, licking, reward etc.). Two-photon imaging data was analysed 
500 – 1000 ms after stimulus onset but before licking (analysis window shown with green shading). 
These recordings were used to align imaging data with trial events. 



 68 

2.4. MANIPULATING NEURAL ACTIVITY 
 

2.4.1. MUSCIMOL INACTIVATION 

To silence barrel cortex the GABA-A agonist muscimol (powder dissolved in IVE; 100nl 

5ug/ul; Sigma-Aldrich; (O’Connor et al., 2010)) was pipetted on the cortical surface 

(through specialised cranial windows), and allowed to diffused into barrel cortex for 20 

minutes. Task performance was assessed before and after muscimol application. 

 

2.4.2. ONE-PHOTON OPTOGENETIC PHOTOSTIMULATION 
 

Unilateral one-photon photostimulation of barrel cortex was performed with an amber 

LED (595 nm, Thorlabs M595L3), mounted in the imaging light-path above the 2P 

objective. One-photon stimulation was delivered through the 2P objective, which was 

positioned over the principal whisker-barrel. LED power (mW) and timing was 

controlled via an LED driver T-Cube (Thorlabs). Trigger voltage to power calibration 

was measured with a power meter (PM100A, Thorlabs, Fig 2.1c). For optogenetic 

detection and substitution experiments (C1V1 in pyramidal neurons), the LED stimulus 

was a square pulse, 50 ms, power range: 0-30 mW that matched the whisker stimulus 

deflection. For optogenetic biasing experiments (C1V1 in pyramidal neurons) the LED 

stimulus was a single square pulse (50 ms, 1 mW). For optogenetic photoinhibition 

experiments (C1V1 in PV-interneurons) the LED stimulus was 500 ms square wave at 

10 mW. 

 

2.4.3. TWO-PHOTON HOLOGRAPHIC PHOTOSTIMULATION 
 

Two-photon excitation of soma-targeted (st) C1V1 expressing neurons was performed 

with a femto-second pulsed laser at 1030 nm (Satsuma, Amplitude Systemes, 2 MHz 

repetition rate, average output 20 W, pulse width 280 fs). A spatial light modulator 

(SLM, 7.68 x 7.68 mm active area, 512 x 512 pixels, Meadlowlark Optics/Boulder 
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Nonlinear Systems), coupled to the photostimulation light path, was used to target 

laser beamlets to cell bodies in the FOV. Arbitrary xy patterns of holographic 

illumination were enabled by displaying phase masks, generated using the Gerchberg-

Saxton algorithm (Gerchberg, 1972), on the SLM display using SLM control software 

(Blink, Meadowlark). SLM targeting precision was ensured using calibration routines 

that mapped SLM pixel space onto 2P pixel space via an affine transformation (as 

described by Russell et al., 2019). These routines were performed and assessed by 

burning target patterns in a homogenous fluorescent sample (e.g., a plastic slide) and 

comparing the burn locations to the intended pixel target locations (Fig 2.5). To 

compensate for decreasing diffraction efficiency towards the peripheral edges of the 

SLM, target spot intensity was linearly weighted according to position, prior to 

generation of the phase-mask to improve power homogeneity across the FOV (Packer 

et al., 2015). 

To trigger efficient photostimulation, all SLM-generated beamlets were simultaneously 

spiral scanned (three rotations, 15 µm diameter) over somata with a pair of 

galvanometer mirrors to maximise the number of opsin molecules activated per 

photostimulation event. Photostimulation power was adjusted according to the number 

of holographic spots in the SLM pattern to maintain 6 mW per cell. Power was 

Figure 2.5  ç SLM-based targeting of photostimulation light  

Phasemasks were generated using the Gerchberg-Saxton algorithm and displayed on the 
SLM to target light to user-defined points in the imaging FOV. The example shows the 
corresponding phasemask required to deliver light to the spatial locations of a group of 
arbitrary pixel locations in 2P imaging space. The resulting spiral pattern is burned into a 
fluorescent plastic slide. 
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modulated via an acoustic optical modulator (AOM), and measured with a power meter 

(PM100A, Thorlabs).  

 

2.4.4. ALL-OPTICAL INTERROGATION OF L2/3 NEURONS 
 

Simultaneous two-photon imaging and targeted photostimulation experiments were 

performed using a customised dual beam path ‘all-optical’ microscope (Packer et al., 

2015). A photostimulation light-path coupled to a spatial light modulator (SLM) enabled 

spatially precise two-photon photostimulation (PS), whilst a second imaging light-path 

provides optical readout of activity. Via co-expression of a spectrally separate calcium 

sensor (GCaMP6s) and an optogenetic actuator (C1V1) population activity can 

therefore be simultaneous measured and manipulated in vivo with cellular resolution. 

Using the SLM, patterned photostimulation can be delivered to activate different 

spatially defined groups of neurons in the imaging FOV (Fig 2.6).  Functional resolution 

of photostimulation was calibrated by measuring the evoked DF/F response in an 

identified target cell as the photostimulation spiral was laterally offset relative to the 

cell body using the SLM. Lateral targeting offsets greater than 15 μm failed to evoke 

measurable fluorescence responses (n = 5 cells). Axial resolution was not measured, 

but has been reported previously for this all-optical system at ~70 μm (full-width at 

half-maximum (Packer et al., 2015). 

During behavioural stimulation experiments, photostimulation targets were defined 

based on a short baseline imaging session. Neurons in the FOV showing stimulus-

selective responses were targeted for SLM-based photostimulation. The impact of 

photostimulation on task performance was assessed by measuring average changes 

in lick left / right tendency. The impact of photostimulation on the target neurons (and 

surrounding L2/3 network) was assessed via simultaneously acquired population 

calcium imaging.  
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Figure 2.6  ç All-optical interrogation of neural circuits 

(a)  Schematic showing the optical layout of the microscope used for simultaneous population calcium 
imaging and SLM-based holographic photostimulation (diagram from Packer et al, 2015). Inset shows a 
PS spiral burned into a fluorescent plastic slide and the spiral parameters used to excite C1V1-expressing 
somata (b) Expression images showing GCaMP6s (left) and st-C1V1 (right) in a L2/3 FOV (470 x 470 
µm). The coloured arrows indicate two arbitrarily selected spatially-intermixed ensembles of neurons 
targeted for holographic PS. (c) Pixelwise response maps showing the evoked fluorescence response 
following stimulation of group 1 (left, blue arrows), and group 2 (middle, red arrows) ensembles, and a 
coloured overlay response map (right) for the experiment in (b). Inset (white box) shows a close up image 
of two neighbouring neurons (belonging to different PS groups), which can be independently 
photostimulated with cellular resolution. (d) Extracted PS-triggered average fluorescence traces from the 
experiment shown in (d). The orange bar shows PS duration (500 ms). Average activity is shown for 
target group 1 neurons (cyan), target group 2 neurons (red) and nearby non-targeted neurons (black) on 
group 1 stimulation trials (left) and group 2 stimulation trials (right). (e) Functional resolution of PS. Left 
shows an example pixelwise STA at 0, 5, 10 and 15 µm offset. The white arrow indicates the location of 
target cell, the orange dashed circle indicates the location of the PS spiral. Right shows the average PS 
response of 5 cells as a function of spiral target-site offset.  
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2.5. BEHAVIOURAL VIDEOGRAPHY 
 

2.5.1. ACQUISITION 
 

Behavioural videography was acquired during two-photon imaging and targeted two-

photon photostimulation experiments using infra-red (IR) sensitive CMOS cameras 

(DCC3240M Thorlabs) under infra-red LED illumination (Fig 2.7). One camera 

positioned face on to the mouse (‘FaceCam’), recorded orofacial movements (licking 

and whisking) with a framerate of 75 – 100 fps (Fig 2.7a). A second camera 

(‘BodyCam’) recorded body movements at 20 fps (Fig 2.7b). Both cameras recorded 

continuously during 2P imaging blocks. For each frame, the cameras set a voltage 

output trigger which was recorded in PackIO to enable timestamping and alignment 

with task events (Fig 2.4). Acquisition parameters (FOV size, frame rate etc.) were 

configured using ThorCam (Thorlabs). Behavioural videography was not acquired 

during behavioural training or task learning, or during any single-whisker behavioural 

experiments. 

 

 

Figure 2.7  ç Behavioural videography. 

(a) A front-facing camera was used to record whisking and licking behaviour during two-photon 
imaging and photostimulation experiments. The red and blue rectangular boxes indicate the ROIs 
used to measure whisking movement. (b) A side-facing camera was used to measure body 
movement. (c) Example whisking (red, blue) and body movement (magenta) traces extracted during 
spontaneous imaging. Bilateral whisking and body movement shoed strong correlation. 
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2.5.2. ANALYSIS OF WHISKING AND BODY MOVEMENT 
 

To analyse whisker pad and body movements, I used a ROI based procedure to 

extract movement (in arbitrary units) in the video recordings (Fig 2.7). I manually 

imposed rectangular ROIs on either the left (‘Whisking A’) or right (‘Whisking B’) 

whisker pad or across the body, which was visible through the clear plastic tube. For 

each video frame, I extracted the pixel ROI values and vectorised them. I then 

computed the correlation coefficient (corrcoef in Matlab) between pixel values from 

one frame to the next and used this as a measure of frame-to-frame similarity. 

Consecutive frames without any animal movement (e.g., no whisking) will have a 

correlation coefficient close to 1 (as pixelwise intensity within corresponding xy 

locations in the ROI will be very similar). On the other hand, frames with a lot of 

movement will have a low correlation coefficient, as pixel intensities for a given pixel 

location will vary from moment to moment. Frame to frame whisking and body activity 

was therefore summarised as ‘1 – correlation coefficient’, normalised to the maximum 

value.  

 

2.5.3. DEEPLABCUT DETECTION OF LICKING 
 

I used DeepLabCut (DLC; Mathis et al., 2018) to track tongue movements to quantify 

licking responses that occurred outside of the response window (whilst the motorised 

lickport was retracted). A single ‘global’ DLC model was trained using video frames 

from across a sample of experiments. The model was trained using an equal 

proportion of licking / no licking frames (selected manually), with 10 ‘nodes’ hand-

labelled on the tongue (9 around the edge, 1 in the centre) on ~200 frames. On ‘test’ 

data, DeepLabCut tongue labels were assessed visually, and the model retrained if 

tracking accuracy was deemed poor. Accordingly, the model was trained, and re-

trained 3 times, to ensure robust performance across all videography recordings.  

A binary video measure of licking (tongue present / not present) was calculated by 

assessing if 7 or more tongue labels were present in a given frame each with a 

‘likelihood’ of ≥ 0.7 (Fig 2.8a). This threshold was optimised based on manual 
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inspection. To assess the sensitivity of video lick detection, I compared the 

videography licking measure with the ‘ground truth’ licking signal, acquired using the 

electrical lickport. Overall, 98% of electrical licks were also detected using the 

videography (Fig 2.8c), and the temporal profile of licking measured with DLC 

precisely matched the lickport signal (Fig 2.8b). 

 

 

 

 

 

 

 

 

Figure 2.8  ç Detecting licking using DeepLabCut.  

(a) Example videography frames without (top row) and with (bottom row) DeepLabCut (DLC) labels 
shown in magenta. DLC was trained to label the tongue (with 9 nodes tracking the tongue edge) to 
allow detection of lick responses whilst the lickports were retracted. (b) An example set of 7 trials 
showing corresponding DLC measured licking (magenta) and electrical lickport detected licking 
(black). (c) Assessing the performance of videography detection of licking. The total proportion of 
‘ground truth’ lickport licks matched by videography detected licks was assessed across all 
experiments. The red marker shows the mean, and the black circles show detection performance for 
individual experiments. Inset shows a close-up of an example trial in (b).  



 75 

2.5.4. CORRECTING FOR DROPPED CAMERA FRAMES 
 

Post-hoc analysis revealed that not all videography camera frames were written to 

data. This issue was discovered as the number of saved data frames was often less 

than the number of recorded frame triggers. On average 0.01% of total data frames 

were lost, leading to an accumulated temporal alignment error of ~750 ms across a 

standard ~11-minute experimental block. This posed a challenge for precisely aligning 

videography data with task events using the PackIO synchronisation recording (Fig 

2.4). To correct for this, I timestamped stimulus events using trial ‘cues’ from the 

videography data (Fig 2.9). For example, I used a ROI-based measure of stimulus 

paddle movement to timestamp whisker stimulus trigger times in video-frame units. By 

positioning a static rectangular ROI across the edge of a stimulus paddle, piezo 

deflections can be detected by averaging the ROI intensity across frames (Fig 2.9a). 

As the stimulus paddles oscillate back-and-forth, this intensity-based method reliably 

reproduced the 20 Hz sinusoidal waveform used to drive piezo movement (Fig 2.9b). 

Paddle movement was used to align Stim A, Stim B, TS and TS+PS video trial data. 

For trials without whisker deflection (PS trials), I aligned to the photostimulation light 

artefact, which was detectable with the IR camera through an ROI centred over the 

Figure 2.9  ç Correcting for dropped videography frames.  

(a) ROIs were used measure piezo movement (red and blue) and photostimulation delivery 
(magenta), to enable timestamping and alignment of videography frames to stimulus events. (b) 
Example whisking activity (top) and piezo motion (middle and bottom) before (left ‘uncorrected’) 
and after (right ‘corrected’) accounting for dropped camera frames. (c) Example traces showing 
alignment on photostimulation trials. Note whisking traces do not show photostimulation-locked 
activity, this example data has a small number of trials where the mouse began whisking before 
photostimulation onset.  
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animal’s right eye (magenta box in Fig 2.9a). For catch trials (no stimulus), I used the 

nearest available timestamp (i.e., the previous trial) as a reference for aligning to 

stimulus triggers. Video trigger alignment was performed using a semi-automated 

pipeline and checked manually with user input. Video extracted measures were 

extracted for 4 seconds pre and 4 seconds post stimulus onset. Before correction, 

aligning to PackIO recorded stimulus triggers showed obvious misalignments due to 

gradual accumulation of from frames. Aligning each trial seperately to the 

corresponding videography measured trial ‘cue’ enabled near perfect alignment 

correction. 
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2.6. EXPERIMENTAL PROTOCOL FOR ALL-OPTICAL EXPERIMENTS DURING BEHAVIOUR 
 

2.6.1. OVERVIEW 
 

The data presented in imaging and photostimulation results chapters come from a 

single-session multi-phase all-optical experimental protocol comprised of 5 parts (Fig 

2.10). First spontaneous activity was recorded, whilst the photostimulation mapping 

experiment was configured and set up.  Photostimulation responses of all cells in the 

FOV were then mapped to identify photostimulatable neurons. Then task-evoked 

activity was recorded in a short behavioural imaging session, to enable subsequent 

targeted photostimulation of stimulus-selective neurons. Stimulus tuned L2/3 neurons 

were then photostimulated during task performance. The final block consisted of a 

passive sensory mapping experiment, to characterise unilateral and bilateral whisker 

responses. Experiments were performed in 13 mice (7 symmetric, 6 asymmetric) 

trained on the delayed-response intensity discrimination task. Behavioural 

videography was acquired during all experimental sessions for post-hoc 

characterisation of task evoked whisking, licking and body movement. Single-plane 

two-photon imaging movies were acquired in blocks of 20000 imaging frames (~11 

minutes at 30 fps).  

2.6.2. PHOTOSTIMULATION RESPONSE MAPPING 
 

Due to variable levels of GCaMP6s and st-C1V1 co-expression, not all cells in a FOV 

are addressable for all-optical interrogation. In order to identify cells with both 

functional opsin and indicator, I used a flexible photostimulation mapping procedure 

designed to enable rapid tests of the photostimulation responsivity of each cell in the 

FOV (Near automatic photoactivation response mapping ‘NAPARM’; Russell et al., 

2019). Static expression images of GCaMP and st-C1V1 were loaded into NAPARM’s 

user GUI, and 350 pixel targets (corresponding to the xy position of cell somata in the 

2P FOV) were selected semi-automatically based on local maxima intensity. The 350 

photostimulation targets sites were clustered into 7 target groups of 50 cells using ek-

means, and a phase-mask and a set of photostimulation galvanometer position 
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coordinates for each cluster was generated. Sequential photostimulation of each 

target group was performed by the photostimulation module of the all-optical system 

and the SLM software, and was triggered using synchronisation software (PackIO; 

Watson et al., 2016). 15 photostimulation repeats of the stimulation sequence (stim 

pattern 1 through to 7) were performed (total of 105 photostimulation events per 

experiment). Photostimulation parameters were 15 ms spiral, 15 µm diameter, 20 Hz, 

500 ms duration, 10 reps, 5 s ITI. Photostimulation responsive neurons were identified 

by comparing baseline DF/F responses (mean in a 1 s pre-stimulus window) to evoked 

DF/F responses (mean of 0.5 to 1 s post-stimulus) with a Mann-Whitney U test (P < 

0.05 = responsive cell).  

 

2.6.3. BASELINE TASK PERFORMANCE 
 

Following the photostimulation mapping block, mice performed a short baseline 

behavioural imaging session (112 ± 24 trials, mean ± std). Imaging data (motion-

corrected online Russell et al., 2019) was processed immediately after acquisition 

using a modified version of Suite2p and a simplified analysis pipeline optimised for 

fast analysis. This enabled rapid functional characterisation of L2/3 neuron stimulus 

selectivity, enabling immediate activity-guided photostimulation experiments ~15 

minutes following completion of the baseline imaging block.  The evoked DF/F trial 

Figure 2.10  ç Overview of all-optical experimental pipeline.  

(1) A spontaneous imaging movie was acquired whilst the photostimulation mapping was 
configured. (2) All neurons in the FOV were tested for photostimulation responses. (3) 2P imaging 
data was acquired during baseline task performance. (4) Stimulus-selective neurons identified in 
(3) were selectively photostimulated in a behavioural stimulation experiment. (5) Sensory 
responses were then mapped passively across a range of unilateral and bilateral deflection 
conditions. Imaging data in blocks 1,2 and 3 was motion-corrected online to allow fast imaging 
analysis in between blocks 3 and 4. 



 79 

response was measured by averaging the normalised fluorescence 0.5 – 1 s post 

stimulus (12.7 ± 4.9 stim A trials, 12.5 ± 3.7 stim B trials analysed, mean ± std). 

Accordingly, each neuron was assigned a stimulus-selectivity score based on the area 

under the ROC curve (AUC) at the optimal discrimination threshold between stim A 

and stim B response distributions.  

 

Figure 2.11  ç Screening photostimulation responsive cells 

(a) All neurons in the FOV were tested for their response to photostimulation. xy pixel locations 
corresponding to locations of neural somata were detected semi-automatically and were clustered in 
7 SLM stimulation patterns with 50 target sites per pattern. Each column relates to an individual SLM 
pattern. The righthand column shows the combined overlay of all patterns.  Each target image shows 
the spiral location (15 μm diameter; black circle), with a target-zone proximity halo (40 μm diameter; 
grey circles). Red circles indicate the xy location of the photostimulation galvo mirrors, which were 
positioned to maximise SLM stimulation efficiency (b) Pixelwise STA response maps showing the 
FOV response to targeted photostimulation of each cluster. The right image shows an overlay 
coloured by stimulation group. (c) Suite2p ROIs corresponding to targeted cells are shown for each 
pattern. ROIs were assigned as targets if the CoM was < 20 μm from a photostimulation trials. (d) 
Average photostimulation-triggered fluorescence traces are shown aligned to stimulation onset (0 s). 
The grey bars (0 – 0.5 s) indicate the neurons targeted in each stimulation pattern, and the duration 
of stimulation. Neurons are sorted according to stimulation group along the y-axis. Stimulation of 
each SLM pattern selectively drives activity in the corresponding target neurons. The right image 
shows the overlay. Note the cells at the bottom of the heatmap were not identified as targets (distance 
from a spiral location > 20 μm) 

      



 80 

2.6.4. TWO-PHOTON STIMULATION EXPERIMENTS DURING BEHAVIOUR 
 

Two photostimulation target ensembles were selected in each FOV based on the 

whisker stimulus discriminability metric described above. Only neurons with a 

significant positive photostimulation response (measured in the photostimulation 

mapping block) were considered. Accordingly, two sets of 30 target neurons were 

selected from the bottom and the top end of the whisker discriminability score 

distribution respectively. One target ensemble was therefore designed to be 

preferentially tuned to stim A (mean AUC score > 0.5) and the other to stim B (AUC 

score < 0.5). The xy pixel locations of these target neurons were calculated using the 

ROI centre of mass (CoM) and passed back to NAPARM, which calculated a 

phasemask and galvanometer position for each ensemble. 

Following the design of these two ensemble groups, and the generation of the phase 

mask and behavioural trial sequences, the target groups were selectively 

photostimulated using the SLM during behaviour. Specifically, photostimulation was 

delivered simultaneously with the psychophysical threshold whisker stimulus 

(threshold stimulus; TS), which was estimated using the sigmoidal psychometric curve 

obtained in the baseline imaging session. Thus, the experiment was designed to test 

whether selectively photostimulating sensory tuned neurons on top of ‘ambiguous’ 

sensory input biases perceptual decision-making. 
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2.7. DATA ANALYSIS 
 

2.7.1. BEHAVIOURAL ANALYSIS 
 

Summary task performance metrics (for characterising learning, discrimination, miss 

rate, response time etc.) were calculated as session-wide averages. Only trials where 

mice reported a decision within the allotted response window were analysed (i.e., miss 

trials were not considered, unless for explicitly calculating miss rate). Discrimination 

performance was assessed as the fraction of ‘Choice A/Lick A’ responses. 

Psychometric curves were fit to behavioural data using the ‘sigm_fit’ Matlab function 

(https://uk.mathworks.com/matlabcentral/fileexchange/42641-sigm_fit), with min and 

max input parameters set to 0 and 1 respectively. To assess optogenetic evoked 

biases in behaviour, mean performance metrics were compared across the stimulated 

and non-stimulated trial conditions. For example, if on a given experiment a mouse 

responded to threshold stimulus (TS) trials at chance level ‘P(Choice A)’ = 0.5, and 

with P(Choice A) = 0.6 on TS + optogenetic stimulation trials, this difference was 

summarised as DP(Choice A) = 0.1. 

 

2.7.2. TWO-PHOTON IMAGING ANALYSIS 
 

All two-photon imaging data were motion-corrected and segmented into somatic and 

neuropil fluorescence traces using the python release of Suite2p (Pachitariu et al., 

2016). Manual curation was performed to discard ROIs with non-somatic shapes, or 

filled nuclear fluorescence (Tian et al., 2009). Neuropil subtraction was performed 

across cells by subtracting the neuropil signal from the somatic signal (Fig 2.12). Prior 

to subtraction, the neuropil signal was scaled by a coefficient (ranging from 0 – 1), 

which was based on an estimation of neuropil signal contamination in the somatic 

signal using robust linear regression (Chen et al., 2013c). Using neuropil corrected 

traces, the proportion of significant contralateral whisker responsive cells identified in 

the imaging FOV (~20%) was largely consistent with previous reports in L2/3 barrel 

cortex (Clancy et al., 2015; O’Connor et al., 2010; Peron et al., 2015), but drastically 
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over-estimated when using non-neuropil corrected traces  due to signal contamination 

(~50%; Fig 5.5c). 

For each neuron and each trial, the neuropil-subtracted fluorescence signal was 

extracted 1 second pre-stimulus to 6 seconds post-stimulus (210 frames in total). Each 

trial trace was normalised using a DF/F calculation, where F was the average 

fluorescence signal across the 1 second pre-stim baseline (30 imaging frames). The 

evoked response on a given trial was subsequently calculated as the average DF/F 

signal 0.5–1 second post-stimulus (15 imaging frames). This analysis window avoids 

both sensory and photostimulus presentation (which last 0.5 s) and avoids licking. 

Thus, the imaging response window is optimised to measure the stimulus-evoked 

signal prior to contamination from response/reward related activity.  

 

Figure 2.12  ç Correcting for neuropil signal contamination 

(a) Example Suite2p fluorescence traces extracted from three ROIs are shown. Black traces shows the 
raw somatic fluorescence signal, grey shows the corresponding neuropil signal and pink shows the 
resulting somatic signal having adjusted for neuropil contamination. Dashed vertical lines indicate 
stimulus triggers. (b) Neuropil signals were first scaled by a contamination coefficient estimated for each 
ROI using robust linear regression, before being subtracted from the somatic trace signal. The three 
plots show the correlation between somatic and neuropil traces from (a), and the corresponding 
regression fit (red). The slope of the line was used as an index of neuropil contamination of the somatic 
signal. Coefficients were capped at 1, to prevent over subtraction. (c) Quantification of the fraction of 
cells classified as whisker-stimulus responsive with (pink) and without (white) correcting for neuropil 
contamination.  



 83 

2.7.3. QUANTIFICATION OF SIGNIFICANT TRIAL-EVOKED RESPONSES 
 

Neurons with significant trial-evoked responses were identified by comparing the  

evoked DF/F response distributions across different trial conditions using an one-tailed 

Mann-Whitney U test and a P < 0.05 threshold. For example, neurons activated by 

photostimulation (PS) were identified by comparing PS trial to Catch trial response 

distributions. Likewise, neurons activated by photostimulation on top of sensory input 

(TS+PS) were identified by comparing responses on TS trials to TS+PS trials. Neurons 

significantly selective for Stim A or B were defined by comparing trial-wise evoked 

responses across Stim A and B trials. 

 

2.7.4. PIXELWISE ANALYSIS OF IMAGING DATA 
 

Pixel-wise analysis was performed on the raw calcium imaging data to corroborate 

trace-based analyses. This was important to confirming that Suite2p detected 

responses (e.g., stimulus-selective / photostimulation activated) truly reflected 

measurable and visible changes in somatic fluorescence (as opposed to neuropil 

contamination or passing axonal/dendritic processes). For each trial, registered 

imaging frames were normalised (DF/F, as described above) to a 3 second pre-

stimulus baseline, and STA response was assessed as the average response (500-

1500 ms) post stimulus. This allowed easy and flexible visualisation of imaging 

responses. Pixelwise STAs ‘stamps’ for individual cells were generated by sampling a 

mini-FOV 50 x 50 μm with each cell centred in the stamp at pixel location (25,25).  

 

2.7.5. DEFINING PHOTOSTIMULATION TARGET NEURONS 
 

Based on functional measurements of photostimulation resolution, neurons in the FOV 

were classed as photostimulation ‘targets’ if their centre of mass was ≤ 20 µm from a 

photostimulation target site. Neurons outside of this target ‘zone’ were classed as non-

stimulated ‘network’ cells and analysed to assess the impact of patterned 

photostimulation on the surrounding L2/3 network. As each experiment had two 
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stimulation patterns, target neurons in pattern 1 were classed as network neurons on 

stim pattern 2 trials (providing they were ≥ 20 µm away) and vice versa. 

 

2.7.6. RECEIVER OPERATING CHARACTERISTIC (ROC) ANALYSIS 
 

ROC analysis was performed to assign a stimulus-selectivity score to each neuron 

according to how well an ideal observer could decode trial-type (Stim A vs B) from the 

evoked response. Stimulus-selectivity was defined as the area under the ROC 

performance curve (AUC). Neurons with stimulus-selectivity > 0.5 were selective for 

Stim A trials, and neurons < 0.5 were selective for Stim B trials. The same procedure 

was used to calculate choice probability (Britten et al., 1996). Choice probability (CP) 

was defined as the AUC of the ROC performance curve for a binary classifier 

predicting Choice A or Choice B trials using evoked responses (before licking) on 

threshold stimulus (TS) trials.  

Neurometric metric curves were generated for individual neurons, and groups of 

neurons, using ROC analysis (as described by Britten et al., 1992). Accordingly, a 

binary classifier was trained to discriminate between Stim A and B trials using the 

evoked fluorescence response of a given neuron (or the mean across a group of 

neurons). This identified an optimal DF/F threshold for discriminating between stimuli 

based on evoked fluorescence. The performance stimulus decoder was then tested 

on discrimination trials (where a range of bilateral A and B trials are delivered), and 

performance curves were constructed based on the fraction of trials decoded as ‘Stim 

A’ according to activity surpassing the discrimination threshold.  

 

2.7.7. STATISTICAL ANALYSES 
 

Unless otherwise stated all statistical tests used were paired Wilcoxon signed rank 

tests. For unpaired comparisons Mann-Whitney U tests were used. A linear regression 

model (Matlab ‘fitlm’) was used to predict photostimulation-evoked choice bias using 

various photostimulation and behavioural parameters. All data are reported in figures 
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as the mean and SEM (unless otherwise stated). Scatter plots show least-squares 

lines, and correlations were assessed using the Matlab function ‘corrcoef’. 
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3.  DEVELOPING A WHISKER-DEPENDENT BEHAVIOURAL TASK FOR 
HEAD-FIXED MICE 

 

3.1. INTRODUCTION 
 

In a general sense, behaviour can defined as the coordination of internal (neuronal) 

and external (motor) processes in response to stimuli to achieve a specific goal 

(Krakauer et al., 2017). The gold-standard approach for probing neural processes 

underlying behaviour involves applying neurophysiological techniques to record and 

manipulate activity in animals train to perform perceptual decision-making tasks (Gold 

and Shadlen, 2007; Panzeri et al., 2017). Accordingly, to investigate the relationship 

between cortical stimulus representations and sensory perception, the first stage of 

my project involved developing a behavioural task.  

I decided to use the whisker-system as a model system, as the somatotopic layout of 

the whisker-to-barrel pathway, and the ease of experimental access to barrel cortex 

make the whisker system a powerful model for studying sensorimotor processing 

(Petersen, 2020). Furthermore, the whiskers are an expert sensory system that 

support an remarkably wide range of perceptual tasks (Carvell and Simons, 1990; 

Gerdjikov et al., 2010; Kim et al., 2020; Knutsen et al., 2006; Miyashita and Feldman, 

2013; Petersen et al., 2008b).  

The data presented in this chapter cover the first phase of 2AFC task development, 

whereby mice were trained to detect unilateral left vs right single-whisker deflections 

and report behavioural choices via directional licking at a dual-lickport. As the role of 

barrel cortex in simple tactile behaviours is still debated (Hong et al., 2018; Stüttgen 

and Schwarz, 2018), I applied behavioural, pharmacological and one-photon 

optogenetic manipulation techniques to probe the relationship between barrel cortex 

activity and perceptual detection of whisker input. 
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3.2. RESULTS 
 

3.2.1. TASK OVERVIEW 
 

Head-fixed mice were trained through operant conditioning to associate passive 

whisker deflections with a targeted lick response to obtain water rewards. Whiskers 

were deflected with a brief (50 ms) pulse (1 mm forward displacement from resting 

set-point) along the anteroposterior axis. Mice could lick left or right at a dual lickport 

positioned close to the snout to report their behavioural choice. The first stage of task 

training required mice to report which side (A or B) received whisker stimulation in a 

‘two stimulus, two choice’ categorization task (Fig 3.1a). The sensorimotor 

contingency was varied across different cohorts of mice by inverting spatial stimulus-

response vector (Methods 2.2.3). I use the colour codes green and orange to refer to 

the symmetric (i.e., Stim A = Lick A) and asymmetric (i.e., Stim A = Lick B) 

contingencies respectively. Both task contingencies were trained in the same way, 

and designed to enable a clean dissociation of the effects of optogenetic perturbations 

on sensorimotor behaviour (Guo et al., 2014a; O’Connor et al., 2013). Uncued A or B 

whisker trials were delivered in a pseudorandomised order (259 ± 79 total trials per 

session, mean ± std) after a withhold-licking period (3-5 s). A maximum of three trials 

of the same type were permitted in a row. Behavioural decisions were measured as 

Figure 3.1  ç Overview of bilateral whisker deflection task.  

(a) Behavioural set up. Head-fixed mice had their C2 whiskers threaded into glass-capillary 
deflectors. Mice were trained to report A/B (left/right) stimuli by licking at a dual-lickport. (b) Task 
contingency was counterbalanced across different mice. (c) Example trial structure (top) and 
possible trial outcomes (bottom).  
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the first lick response recorded on lickport A or B in a response window (2 s) initiated 

at stimulus onset, and response time was measured as the time elapsed between 

stimulus onset and detection of the first lick. Correct trials were scored according to 

the task contingency and were rewarded with small sugar water rewards (5 µl). 

Incorrect trials incurred a timeout penalty (5 s), and failure to respond within the 

response window (‘Miss trials’) did not incur a penalty. 

 

3.2.2. TASK LEARNING AND PERFORMANCE 
 

Mice were trained daily on the bilateral task described above, with the first 2-3 

sessions prompted with instructionary autorewards (blue shading in Fig 3.2; Methods 

2.2.4). Initially, mice performed on average at 50% (chance performance), with 

variable and slow response times that proceeded the autoreward (Fig 3.2a) and with 

a low trial response rate (Fig 3.3e). With continued daily training, performance 

incrementally improved, and mice learned to correctly discriminate Stim A and Stim B 

trials with ~1 week. Discrimination performance saturating at ~90 % within 10 days (n 

= 117 mice; 45 symmetric, 72 asymmetric).  

Learning curves were comparable across the symmetric and asymmetric contingency 

cohorts (Fig 3.3c) and balanced across Stim A and B trials (Fig 3.2d). Task learning 

was assessed if performance was greater than 75% on both stimulus types for 3 

consecutive days (symmetric learning rate 6.1 ± 3.7 days, asymmetric learning rate 

6.8 ± 5.2 days, mean ± std, P > 0.05). Symmetric and asymmetric mice reached similar 

levels of performance (P(Correct): symmetric 0.9 ± 0.04, asymmetric 0.91 ± 0.05; P > 

0.05). Response times decreased across training sessions, plateauing at ~500 ms, 

with symmetric mice responding ~80 ms faster than asymmetric (symmetric 448.2 ± 

123.1 ms, asymmetric 526.1 ± 220.3 ms mean ± std, P < 0.05). Response times were 

slightly faster on correct trials compared with incorrect trials (correct 494 ± 189.8 ms, 

incorrect 519.6 ± 181.7 ms P < 0.01). Response time analyses were performed on 

sessions with average performance greater than 0.75. Detection of whisker stimuli 

dramatically reduced with decreasing stimulus input, with higher miss rates and longer 

reaction times occurring at lower deflection intensities  (Fig 3.3). 
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Figure 3.2  ç Rapid task learning 

(a) Lick plots from an example mouse across different learning stages. Left: beginner performance 
on session 1, Middle: intermediate performance on session 5, Right: expert performance on session 
9. Trials are plotted chronologically along the y-axis, each row represents a single trial and each 
marker represents a lick. The first lick response is colour coded according to lickport decision (A = 
red, B = blue). The green shaded region from 0 – 2 s represents the response window. The blue 
line at 0.75 s in session 1 denotes the programmed time of the autoreward (AR) delivery. (b) 
Average task performance across training sessions. Task performance was assessed as the 
proportion of correct trials in the session (excluding miss trials) collectively across both Stim A and 
B trials. The blue shaded region indicates that the first 3 training sessions were usually passive 
(i.e., autoreward delivery was enabled). (c) Average task performance for symmetric (green) and 
asymmetric (orange) contingency trained mice. (d) Average task performance for Stim A (red) and 
Stim B (blue) trials. (e) Average miss rate. (f) Average stimulus bias. (g) Average reaction time. The 
dashed blue line at 750 ms indicates the programmed time of the autoreward in the passive training 
sessions. The inset shows average response times on correct trials for symmetric (green) and 
asymmetric (orange) mice. 
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3.2.3. LEARNING STRATEGY 
 

Mice exhibited a biased learning strategy responding in early training sessions with a 

one-sided lickport bias. This resulted in high performance for one trial-type, but low 

corresponding performance for the other trial-type, which I quantified as the absolute 

difference in performance across Stim A and B trials (Fig 3.2f). The direction of the lick 

bias was counterbalanced across mice, with some mice showing leftward ‘A’ biases 

(Fig 3.4a) and others showing rightward ‘B’ biases (Fig 3.4b). The same directional 

bias tended to persist across consecutive training sessions, until being eventually 

extinguished with continued training (Fig 3.2f,3.4). Biased learning was seen in both 

symmetric and asymmetric contingencies. Reward droplet size was regularly 

calibrated to avoid imbalances across lickports A and B which can influence choice 

bias (Busse et al., 2011). Alternatively, this learning pattern might reflect a behavioural 

strategy, whereby the association between whisker input and reward dominates early 

sessions, before the finer distinction is made between the two stimulus and reward 

channels (Guo et al., 2014c). 

Figure 3.3  ç Perceptual detection depends on stimulus strength 

(a) Mice received a range of unilateral whisker stimuli across different deflection 
intensities. (b) Performance (red / blue) and miss rate (black) are plotted for Stim A trials 
(left) and B trials (right). (c) Example lick plots from a single session. Left shows Stim A 
trials, right shows Stim B trials. Trials are sorted along the y-axis by stimulus intensity. (d) 
Average reaction times across stimulus intensity trials. Data are from 4 mice.   
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3.2.4. WHISKER REMOVAL AND MUSCIMOL CONTROL EXPERIMENTS 
 

Mice performed the task in darkness and with continuous masking white-noise played 

in the background. However, to confirm whisker dependence, and that erroneous 

audio-visual cues from piezo deflection do not guide decision-making (Miyashita and 

Feldman, 2013), I compared performance before and after unilateral whisking 

trimming. After a short baseline session, whisker A was removed with scissors, thus 

decoupling piezo movement from whisker stimulation (Fig 3.5a). Importantly, whisker 

B was not clipped, allowing an important control measure of task engagement and 

motivation. Whisker A trimming selectively abolished detection of Stim A trials 

(baseline P(Miss) 0.02 ± 0.03, whisker A trimmed P(Miss) 0.84 ± 0.19 mean ± std, P 

< 0.0001, n = 8 mice), with no corresponding change in detection rate on Stim B trials 

as expected (baseline 0.04 ± 0.04, whisker A trimmed 0.04 ± 0.07, P > 0.05). This 

confirms that mice use whisker input from piezo deflection to solve the task, and that 

Figure 3.4  ç Mice exhibit a biased learning strategy  

(a) Example learning curve plots for three mice with Stim A / Choice A learning biases. The three 
lines show the average performance across training sessions on Stim A (red) and Stim B (blue) trials, 
and the total performance across both trial types (black dashed).  (b) Example learning curves plots 
for three different mice showing Stim B / Choice B learning biases. Colour code same as in (a).  
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residual non-somatosensory cues from piezo movement do not compensate for 

whisker removal.  

 

Next, to test cortical involvement, the GABA-A agonist muscimol was infused 

unilaterally into right hemisphere S1 (Miyashita and Feldman, 2013; O’Connor et al., 

2010). Muscimol was pipetted into the window access hole (Methods 2.1.2) after a 

short baseline session (50 trials) and allowed to infuse into S1 for 20 minutes. A 

second behavioural session (50 trials) was then initiated, and performance was 

compared pre and post muscimol infusion (Fig 3.5b). Muscimol selectively impaired 

detection of contralateral Stim A whisker trials (baseline P(Miss): 0.02 ± 0.04, 

muscimol 0.64 ± 0.2 mean ± std, P < 0.01, n = 4 mice) but not ipsilateral Stim B trials 

(P(Miss) baseline 0.02 ± 0.03, muscimol 0.18 ± 0.16, P > 0.05). A slight decrease in 

Stim B performance could be caused by either a non-specific global change in 

excitability (i.e., as muscimol continues to diffuse through the brain), or a drop in 

motivation/engagement  due to an overall decrease in reward rate. Additionally, the 

Figure 3.5  ç Whisker trimming and muscimol selectively abolish whisker detection   

(a) Performance was assessed before and after unilateral whisking trimming. Middle plot shows 
performance ‘P(Correct)’ on Stim A (red) and B (blue) trials before (‘Baseline’) and after 
(‘Trimmed’) trimming of whisker A. Miss trials were included in the calculation of performance. 
Right plot shows the miss rate. N = 8 mice. (b) Performance was assessed before and after 
unilateral infusion of muscimol in S1. (c) Example lick raster from a muscimol silencing 
experiment. N = 4 mice. Data points and error-bars show the mean and std. Thinner lines show 
individual experiments.  
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20-minute interruption in task performance between baseline and test sessions to 

allow muscimol infusion, could also contribute to task disengagement. Mice that 

underwent muscimol and whisker removal experiments were not used for any further 

experiments. 

 

3.2.5. REPLACING WHISKER INPUT WITH OPTOGENETIC CORTICAL INPUT 
 

To probe the relationship between activity in barrel cortex and perceptual report of 

whisker stimuli, I performed optogenetic manipulation experiments in trained mice 

during task performance (Sachidhanandam et al., 2013). Mice co-expressed 

GCaMP6s and the excitatory opsin C1V1 in cortical pyramidal neurons in L2/3 barrel 

cortex via a targeted viral injection expression strategy (Methods 2.1.2). Widefield 

GCaMP imaging was performed to locate the somatotopic position of the C2 barrel 

through the cranial imaging window and confirm C1V1 expression in L2/3 (Fig 3.6). 

Mice without opsin expression in the principal barrel column (i.e., failed injection / low 

injection spread) were not put forward for optogenetic experiments. 

Figure 3.6  ç Confirmation of opsin expression in the principal barrel column  

(a) Example image showing durotomised cortex during surgery. GCaMP6s and C1V1 viral 
injections were targeted to S1, indicated with the arrow. (b) Widefield expression image from the 
same brain as (a) showing baseline GCaMP6s expression ~3 weeks post injection/window. Note 
the injection site appears slightly brighter. (c) Normalised fluorescence STA response map 
following stimulation of the contralateral C2 whisker. The localised fluorescence signal indicates 
activation of the principal whisker (C2) barrel column. (d) Example 2P expression image taken at 
765 nm showing C1V1-mCherry expression in L2/3 in the principal barrel column.  
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The optogenetic ‘substitution’ experiment tested whether mice trained on whisker 

stimuli could transition to detecting optogenetic stimulation within a single 

experimental session (Fig 3.7a). Accordingly, on the experimental test day, unilateral 

A and B whisker trials (50% of trials) were interleaved with direct optical stimulation 

(LED) of barrel cortex (25% of trials) and catch trials (no sensory or LED stimulation, 

Figure 3.7  ç Replacing whisker stimuli with optogenetic input 

(a) Mice were trained on A and B whisker trials, then exposed to a single test session where 
whisker stimuli and optogenetic (LED) stimulation trials were interleaved. In subsequent sessions, 
only LED trials were delivered (‘Opto-session’). (b) Overview of trial-types delivered in the 
‘Sensory + Opto’ session. (c) Overview of trial-types in subsequent ‘Opto-session’. (d) Average 
discrimination performance on the ‘Sensory + Opto’ session. Open circles show individual mice, 
filled circles show group average. (e) Miss rate, Sensory + Opto session. (f) Average reaction 
time, Sensory + Opto session. (g) Lick plot from an example ‘Opto-session’. Mice reported the 
presence of LED stimuli with directional licking. The LED power was modulated (0 – 30 mW) 
across different trials. Trials are sorted along the x-axis by LED power. Only first lick is response 
is shown coloured red for Choice A, blue for Choice B. (h) Average discrimination performance 
as a function of LED power. (i) Average response rate (shown as P(miss)) across LED powers. 
(j) Average reaction times across LED trials. 3 mice performed Sensory + opto session, 2 mice 
performed Opto-sessions. Data are mean ± std 
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25% of trials; Fig 3.7b). The optical stimulus (a single 50 ms pulse) was designed to 

mimic the pulsatile whisker deflection stimuli, and mice received positive 

reinforcement (water rewards) for responding to LED trials as if they were Stim A 

(contralateral) whisker trials. LED stimulation reliably evoked directional Choice A lick 

responses, with discrimination performance matching Stim A whisker trials (Stim A: 

P(Choice A) = 0.99 ± 0.01, LED P(Choice A) = 0.93 ± 0.1, mean ± std P > 0.05, n = 3 

mice trained on the symmetric contingency; Fig 3.7a). Mice maintained expert 

performance on both Stim A and Stim B sensory trials during the experiment. Mice 

reliably responded to LED trials, with low miss rates that were comparable with whisker 

stimuli trials (P(Miss): Stim A = 0.2 ± 0.1, Stim B = 0.08 ± 0.06, LED = 0.16 ± 0.14 

mean ± std, P > 0.05; Fig 3.7e), and mean reaction times were similar across LED 

and sensory trials (RT (ms): Stim A = 355.4 ± 61.5, Stim B = 268 ± 76.7, LED = 312.1 

± 103.6 mean ± std, P > 0.05; Fig 3.7f). These results suggests that direct optical 

stimulation of barrel cortex can substitute for contralateral whisker stimulation, and 

that mice can alternate, perhaps unintentionally, between sensory and optogenetic 

stimuli on different trials within the same session to guide behavioural choices. 

In follow up experiments, once mice had undergone optogenetic substitution 

experiments, I investigated how the perceptual detection of optogenetic stimulation of 

S1 depended on the strength of the LED stimulus (‘Opto session’, Fig 3.7c Huber et 

al., 2008). Uncued LED stimulation trials of varying power (0 – 30 mW) were delivered 

in a pseudorandomised trial sequence, and mice were rewarded for detecting to LED 

stimulation with Choice A responses. Perceptual report of optogenetic stimulation 

increased as LED intensity increased, and saturated at ~90% at 20 mW (Fig 3.7h). 

Similarly, miss rate decreased (Fig 3.7i), and reaction time decreased and became 

more stimulus-locked with higher LED power (Fig 3.7g,j). Reaction times were ~550 

ms for low power LED trials, and ~400 ms for high power trials. Whilst it is difficult to 

accurately assess how many neurons are activated by different LED stimuli (but see 

Huber et al., 2008), these results indicate a relationship between a gradient of cortical 

activation and perceptual detection, and appear similar to the detection curves 

obtained by varying whisker input intensity (Fig 3.3). 
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3.2.6. OPTOGENETIC STIMULATION DRIVES CONTINGENCY-LEARNED DIRECTIONAL 
LICKING  

 

Previous studies have demonstrated that mice can learn to detect high-intensity 

optical cortical stimulation within a single session (Dalgleish et al., 2020; Huber et al., 

2008). To avoid inducing a learned association between LED stimulation and reward, 

optogenetic substitution experiments were repeated in the absence of positive 

reinforcement on LED trials (Fig 3.8). For these experiments, I used a new batch of 

Figure 3.8  ç Optogenetically evoked lick response is dependent on task contingency.  

(a) Experiment schematic. Two cohorts of mice were trained on symmetric and asymmetric 
contingencies. In optogenetic probe sessions, unilateral (right hemisphere) barrel cortex was 
stimulated optogenetically. LED trials were interleaved with whisker stimulation trials (b) Summary 
of optogenetic experiment trial proportions, trials were delivered in a pseudorandomised order, LED 
‘probe’ trials were not rewarded.  (c) Discrimination performance on unilateral sensory trials. (d) LED 
stimulation evokes directional lick bias consistent with the operant response for the contralateral 
whisker (Stim A). Data pooled across both contingencies. (e) Directional lick bias is dependent on 
learned sensorimotor contingency. In symmetric mice, unilateral LED stimulation evokes Lick A 
(leftward) responses, in asymmetric mice LED evokes Lick B (rightward) responses. Data reported 
as mean and SEM. Wilcoxon signed-rank tests, ns = P > 0.05, * = P < 0.05, ** P < 0.01, *** = P < 
0.001. 
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mice were that had not received LED stimulation before. I performed experiments in 

symmetric (8 experiments in 3 mice) and asymmetric (8 experiments in 8 mice) trained 

mice to investigate the effects of optogenetic stimulation of directional licking (Fig 

3.8a).  

LED trials of varying intensity (0, 10, 30 and 50 mW, 50 ms single pulse) were 

interleaved with unilateral whisker trials (Fig 3.8b). As before, LED stimulation evoked 

Choice A lick responses (pooled across contingencies Fig 3.8c) with larger LED 

intensity (mW) driving stronger lick biases and an increased response rate (Fig 3.9c 

grey). LED detection rate was notably lower without positive reward reinforcement, 

compared with the previous set of experiments (Fig 3.7). Splitting the dataset by 

contingency and plotting performance against directional lick response (the difference 

between P(Lick A) and P(Lick B)), revealed that optogenetic stimulation evoked a 

response consistent with the learned task contingency and the contralateral sensory 

cue (Fig. 3.8e). For mice performing the symmetric task, LED stimulation evoked 

leftward licking (Lick A), for mice performing the asymmetric task, LED stimulation 

evoked rightward licking (Lick B). This confirms that LED stimulation does not trigger 

a specific direction lick, or a non-specific ‘startle’ response. 

Figure 3.9  ç LED stimulation does not evoke licking in control mice.  

(a) Optogenetically evoked directional licking is not triggered in trained control mice. Grey 
data points are from mice injected with GCaMP and C1V1 (from Fig 3.8d), cyan data points 
are from control mice injected with GCaMP only. (b) Miss rate for LED trials for C1V1 (grey) 
and control (cyan) mice. (c) Control group performance on sensory trials. Control 
experiments were from 5 experiments in 4 mice trained on the asymmetric task. Data plotted 
as mean and SEM. 
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3.2.7. OPTOGENETICALLY-EVOKED LICKING IS ABSENT IN CONTROL MICE 
  

The same optogenetic substitution experiments (Fig 3.8) were repeated in trained 

control mice, injected with GCaMP but not C1V1 (Fig 3.9). Directional licking bias was 

completely absent in control mice, across all tested LED intensities (Fig 3.9a cyan). 

Furthermore, LED stimulation did not trigger any lick responses at all, with P(Miss) 

remaining close to 1 (Fig 3.9b).  

 

3.2.8. WHISKER REACTION TIME PREDICTS OPTOGENETIC REACTION TIME  
 

In opsin-expressing mice, reaction times on high-power LED trials (30, 50 mW) tended 

to be faster than on low power LED trials (10 mW), although not statistically 

significantly, and were comparable to response times on Stim A whisker trials (LED 

10 mW 579.4 ± 202.3 ms; LED 30 mW 473.3 ± 137.6 ms; LED 50 mW 488.6 ± 108.4 

ms; Stim A 442.7 ± 171.5 ms mean ± std, P > 0.05). Response times on whisker and 

high-power LED trials were significantly faster in symmetric compared with 

asymmetric trained mice (Fig 3.10b), which reaction times on Stim A and B whisker 

trials showing a significant positive correlation (r = 0.6, P < 0.05). 

 

Reaction times on high-power LED trials significantly correlated with reaction times on 

whisker stimulus trials, with the correlation strength notable stronger when comparing 

LED trials to Stim A trials (r = 0.77, P < 0.0001) compared with Stim B trials (r = 0.45, 

P < 0.05). The relationship between LED and Stim A reaction times was present within 

both contingency classes but was stronger and significant for asymmetric mice 

(symmetric r = 0.45, p = 0.09, asymmetric r = 0.8, P < 0.001). The relationship between 

LED and Stim B reaction times was not significant within contingency (symmetric r = 

0.45 p = 0.09, asymmetric r = -0.01, p  = 0.99). 
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Figure 3.10  ç Whisker reaction time predicts optogenetic reaction time  

(s) Average reaction time is plotted across the trial-types delivered in the experiment. The 
lightning bolts indicate LED stimulation trials. (b) Average reaction times for Stim A (left, 
red), Stim B (middle, blue) and LED mW (right) split by task contingency (green = symmetric, 
orange = asymmetric). (c) Average reaction time on Stim A vs Stim B trials, data points 
indicate individual mice coloured by task contingency. (d) Average reaction time on Stim A 
trials (x -axis) is plotted again high-power LED trials (y-axis). Circles show LED 50 mW, 
pluses show LED 30 mW trials. (e) Same as (d) but for Stim B reaction times.  
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3.3. DISCUSSION 
 

3.3.1. RESULTS SUMMARY 
 

I designed a novel bilateral whisker deflection 2AFC task for head-fixed and show that 

expert levels of performance on both stimulus sides can be attained within 10 daily 

training sessions. Perceptual detection of whisker deflection was strongly coupled to 

deflection stimulus intensity, and whisker removal experiments confirm that mice use 

tactile deflection input to solve the task. Muscimol silencing of S1 selectively impaired 

contralateral trials, implying unilateral S1-hemispheric involvement in detecting 

contralateral tactile input. In the absence of sensory input optogenetic stimulation of 

barrel cortex evoked a sensorimotor lick response in opsin-expressing mice consistent 

with the learned task contingency, and detection of cortical stimulation decreased as 

a function of LED intensity. Response times on LED stimulation trials highly correlated 

with contralateral whisker stimulus trials, suggesting that the cortical readout of 

optogenetic stimulation may be comparable to afferent sensory-driven mechanisms. 

Optogenetic detection occurred in both the presence and absence of positive 

reinforcement, with more reliable performance occurring when LED trial lick responses 

received rewards. 

 

3.3.2. TASK DESIGN 
 

Head-fixed mice have become the dominant model system for probing the 

relationship(s) between neural activity and perceptual behaviour (Carandini and 

Churchland, 2013; Najafi and Churchland, 2018). Motivating this shift is a host of 

pioneering genetic and molecular engineering developments, and associated 

technologies, which enable genetically targeted optical recording and control of neural 

populations in vivo (Boyden et al., 2005; Luo et al., 2008; Madisen et al., 2012; 

O’Connor et al., 2009). Additionally, there are a multitude of practical, and ethical, 

experimental advantages in using smaller low-cost mammals, and many of the 

structural and functional properties of higher-order mammalian physiology are 
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conserved in mice. To capitalise on the arsenal of genetic and experimental tools, 

many sophisticated behavioural paradigms for head-fixed mice have been developed 

that parallel those used in classical head-fixed primate studies (Guo et al., 2014c; 

Hanks and Summerfield, 2017; Juavinett et al., 2018). Key requirements for such 

head-fixed behavioural tasks include having precise control over stimulus 

presentation, interpretable readout of behavioural and perceptual choice, compatibility 

with neurophysiological experimental techniques, fast and reliable learning, high 

performance rates and high-numbers of trials per session (Burgess et al., 2017). 

My task design meets all of these requirements. Mice rapidly learned to actively report 

left or right single-whisker stimulation side within 1 week of daily training, enabling 

high-throughput training and behavioural experiments. For comparison, a similar task 

requiring head-fixed mice to discriminate left/right vibrotactile deflections takes 

upwards of 6 weeks to train (Mayrhofer, 2013). Learning rates in my task more 

accurately match those reported for simple unilateral deflection go-nogo detection 

tasks, whereby mice simply have to detect and report single-whisker passive 

deflection via a single response (lick) channel (Sachidhanandam et al., 2013). 

Reaction times measured during my task were also similar to those reported in single-

whisker detection tasks (Kwon et al., 2016). The results in this chapter strongly 

indicate that a bilateral ‘two-stimulus two-choice’ task, which has several advantages 

with respect to interpreting perceptual and behavioural readout, can be learned within 

the same amount of time as a less tractable unilateral detection task, with expert levels 

of performance and rapid reaction times measured in all mice trained. Although, if 

recordings are to be made unilaterally, by design only half the number of trials can be 

acquired compared with a unilateral task before animals reach reward satiation. 

To add an additional level of task complexity, and aid interpretation of the effect of 

experimental manipulations on behaviour, I counterbalanced the task contingency 

across different cohorts of mice (Guo et al., 2014a; O’Connor et al., 2013). The 

decision to manipulate stimulus-response compatibility was inspired by the classical 

pro and anti-saccade task in which subjects are instructed to either make saccades 

towards or away from a peripheral visual stimulus displayed in different spatial 

locations on a screen (Hallett, 1978). Anti-saccade trials, which require a vector 
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inversion of the stimulus cue, incur higher error rates, longer reaction times, and 

engage distinct cortical circuits relative to pro-saccade trials (Munoz and Everling, 

2004). Similar ‘Pro vs Anti’ tasks have recently been developed in rats to investigate 

flexible sensorimotor remapping and executive control (Duan et al., 2018, 2015; 

Juavinett et al., 2018). Indeed, asymmetric trained mice performed with significantly 

slower reaction times (~100 ms) compared with symmetric mice. Although not the 

designed focus of my study, exploring the sensorimotor pathways that facilitate vector 

inverted sensorimotor actions would prove highly informative for understanding inter-

hemispheric communication (Gazzaniga, 1995). 

 

3.3.3. SUBSTITUTING WHISKER INPUT WITH OPTOGENETIC INPUT 
 

Neurons in the whisker-to-barrel pathway respond to a brief pulsatile whisker defection 

with a transient volley of activity (Armstrong-James et al., 1992; Sachidhanandam et 

al., 2013; Simons, 1978; Yang et al., 2015), with L4 neurons in the principal barrel 

showing activity with ~10 ms latency (Petersen, 2007; Simons, 1978). Cortical activity, 

initially confined the L4 barrel, rapidly spreads vertically within the barrel column to 

L2/3 within ~15 ms, and laterally across the cortical surface to neighbouring barrels, 

secondary somatosensory (S2) cortex and motor cortex (Ferezou et al., 2006, 2007; 

Hubatz et al., 2020). Despite showing reliable stimulus-locked activity, the precise 

functional role barrel cortex plays in passive whisker perceptual tasks remains 

debated (Hong et al., 2018; Stüttgen and Schwarz, 2018), as correlational 

observations between stimulus coding and stimulus perception cannot be assumed 

as causation.  

 

However, many studies have reported neural correlates of whisker perception in L2/3, 

and have demonstrated that transiently silencing barrel cortex pharmacologically and 

optogenetically impairs whisker detection performance (Miyashita and Feldman, 2013; 

Sachidhanandam et al., 2013; Yang et al., 2015). Furthermore, as presented in this 

chapter, in line with the pioneering somatosensory cortex microstimulation studies 

performed in primates (Romo et al., 1998), optogenetic stimulation of barrel cortex can 
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trigger illusory percepts of whisker input during active (O’Connor et al., 2013) and 

passive detection tasks (Sachidhanandam et al., 2013), and enhance perceived 

vibrotactile stimulus intensity (Musall et al., 2014). Likewise, suppressing PV 

interneuron activity optogenetically can improve whisker deflection detection rate 

(Sachidhanandam et al., 2016). Earlier peripheral microstimulation of VPM (Voigt et 

al., 2008), as well as direct optogenetic activation of first order afferents (Park et al., 

2016), can also drive perceptual behaviour, and mice can learn to report direct 

optogenetic activation of somatosensory cortex without sensory priming (Dalgleish et 

al., 2020; Finkelstein et al., 2021; Houweling and Brecht, 2008; Huber et al., 2008; 

Sachidhanandam et al., 2013). Remarkably, even stimulation of single neurons in 

barrel cortex can drive and bias perceptual behaviour (Houweling and Brecht, 2008; 

Tanke et al., 2018).  

The studies outlined above strongly implicated barrel cortex activity as critical for 

perceptual detection of whisker input. However, most of these experiments employ 

go-nogo or yes/no detection tasks, where mice are trained to report the presence of 

whisker input, or direct cortical stimulation, by licking at a single lickport. The 

contingency counterbalanced 2AFC task design used in my study thus gives a 

conceptual advantage by enabling cleaner interpretation of the perceptual impact and 

specificity of optogenetic stimulation on behaviour (Otchy et al., 2015; Wolff and 

Ölveczky, 2018). Whereas manipulations of licking-related motor cortex selectively 

impact contralateral licking behaviour (Guo et al., 2014a; Mayrhofer et al., 2019), the 

stimulation experiments performed in this chapter show that brief activation of barrel 

cortex is sufficient to drive a learned sensorimotor transformation specifically 

conditioned on the contralateral whisker, with the evoked lick direction response 

switching across trained task contingency. In line with previous findings, detection of 

cortical stimulation decreased at lower optogenetic intensities, strongly suggested 

direct coupling between cortical spiking and perceptual output (Dalgleish et al., 2020; 

Huber et al., 2008; May et al., 2014; Sachidhanandam et al., 2013).  

Importantly, in separate sets of experiments, I demonstrate that optogenetic 

substitution occurs in the presence and absence of positive reinforcement with reward, 

whereas some previous studies have implicitly motivated perceptual report of 
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optogenetic stimulation by rewarding lick responses (Sachidhanandam et al., 2013). 

This suggests that a volley of optogenetic activity sufficiently ‘mimics’ endogenous 

peripheral input (O’Connor et al., 2013). Likewise, optogenetic effects on behaviour 

were absent in control mice confirming the photostimulation effect on behaviour is 

mediated by opsin activation (and consequentially neuronal spiking), and not by-

products of light delivery such as direct retinal stimulation or tissue heating (Allen et 

al., 2015; Podgorski and Ranganathan, 2016). The specificity of optogenetic 

stimulation in evoking a learned sensorimotor transformation in the absence of afferent 

sensory input suggests that activity in barrel cortex alone can drive the relevant 

downstream circuits required to form perceptual decisions and execute targeted lick 

responses (Crochet et al., 2019; Guo et al., 2014a; Kwon et al., 2016; Li et al., 2015; 

Mayrhofer et al., 2019). This interpretation is supported by the many anatomical 

projection pathways that link S1, often reciprocally, to a wide network of cortical and 

subcortical areas including S2 (Kwon et al., 2016; Minamisawa et al., 2018), M1 

(Ferezou et al., 2007), and striatum (Alloway et al., 1999; Lee et al., 2019; Reig and 

Silberberg, 2016) amongst many other target areas (Aronoff et al., 2010; Yamashita 

et al., 2018).  

 

Indeed, studies combining cortical microstimulation with cortex-wide imaging with 

voltage-sensitive dyes have demonstrated that barrel cortex activation in the absence 

of whisker input triggers a spatiotemporal pattern of activity across cortex that matches 

peripheral whisker deflection (Ferezou et al., 2007). These findings strongly suggest 

that barrel cortex alone can drive downstream sensorimotor neural circuits, with 

sufficient vigour, to evoked specific learned sensorimotor transformations.  Indeed a 

recent study confirmed that activation of the projection pathway from S1 to striatum 

can elicit behavioural responses in the absence of tactile forepaw input (Sun et al., 

2021). However, it should also be noted that optogenetic stimulation of S1 can induce 

whisker movements (Auffret et al., 2018; Matyas et al., 2010), and therefore the 

detection of optogenetic input could in part be mediated by indirect triggering of 

afferent whisker input / movement. Although previous reports have confirmed (via 

transection of the facial nerve) that S1 optogenetic substitution of whisker input occurs 

in the absence of ChR2-triggered whisker movement (Sachidhanandam et al., 2013), 
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in my experiments detailed above I cannot rule this possibility out. Accordingly, 

videography data was acquired in later two-photon targeted photostimulation 

experiments to assess optogenetically-evoked whisking. 

3.3.4. CONTINGENCY SPECIFIC EFFECTS ON REACTION TIMES 
 

Whilst learning rate and overall performance levels were comparable between task 

contingencies, reaction times for asymmetric trained mice were ~80 ms slower than 

the symmetric task. This is consistent with a large body of literature showing that 

spatially inverted stimulus-response associations require more time to process and 

execute consistent with higher cognitive demand (Hasbroucq and Guiard, 1991; 

Munoz and Everling, 2004). The reaction time difference observed in asymmetric 

trained mice may reflect the additional sensory delay incurred by cross-hemispheric 

transfer of sensory-evoked activity (~ 30 ms latency; Ferezou et al., 2007; Reig and 

Silberberg, 2016; Shuler et al., 2001) and/or the associated cognitive cost of 

suppressing a prepotent orienting reflex and inverting the stimulus-response vector 

(Munoz and Everling, 2004). Furthermore, intrahemispheric cortico-cortical and 

thalamocortical feedback loops may enable faster perceptual processing of symmetric 

sensorimotor actions (Guo et al., 2017; Kwon et al., 2016). 

 

Interestingly, similar contingency effects on reaction time were also observed on 

optogenetic stimulation trials, with average reaction times significantly longer in 

asymmetric mice. Response times on LED trials strongly correlated with contralateral 

whisker trials, suggesting that the mechanism underlying intracortical perceptual 

detection of activity may generalise across sensory-evoked and photostimulation-

evoked spikes. The fact that this relationship was notably stronger when comparing 

LED trials with contralateral whisker trials (compared with ipsilateral trials) argues 

against this effect being primarily driven by a general individual tendency to execute 

fast/slow targeted lick responses. Put simply, mice that take a long time to detect and 

report contralateral whisker stimulation also take a long time to detect and report 

optogenetic stimuli, consistent with the interpretation that cortical stimulation implants 

an illusory percept of whisker deflection.  
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3.3.5. CONCLUSION 
 

Experimental stimulation of cortex has long been used to probe the neural basis of 

sensation (Penfield and Boldrey, 1937b), and is a powerful strategy for probing the 

causal relationships between neural processing and cognitive function. Indeed, next-

generation optogenetic neuroprosthetics devices, that aim to restore or augment 

sensory and motor functions, will have, and are already having, profound clinical, 

societal and scientific impact (Kansaku, 2021; Sahel et al., 2021). In this chapter, I 

have presented work showing that optogenetic ‘biomimetic’ stimulation of barrel cortex 

evokes an illusory tactile percept of contralateral whisker deflection in mice trained to 

detect and report left vs right whisker input. However, as opsin-expression was not 

layer-specific, exactly how this effect occurs remains unresolved. Regardless, 

optogenetic-evoked behaviour was robust in the absence of positive reward 

reinforcement implying that mice do not learn to interpret cortical stimulation as a novel 

tactile sensation. I demonstrate that cortical activation alone is sufficient to trigger a 

specific learned sensorimotor plan, confirming that barrel cortex can drive behaviour 

in the absence of afferent thalamic drive. Furthermore, as optogenetically-evoked 

response times strongly correlate with sensory-evoked response times this could 

suggest that the same cortical mechanism can govern the readout of sensory and 

optogenetically evoked spikes to guide behaviour.  
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4.  BILATERAL INTENSITY DISCRIMINATION 
 

4.1. INTRODUCTION 
 

Our brains are constantly bombarded with vast amounts of complex and noisy sensory 

inputs from out surroundings. In order to exist in such an overwhelming sensory 

environment, we need to be able to reliably extract behaviourally relevant information 

to make accurate and rapid sensorimotor decisions. Studying how the brain performs 

such a complex feat requires a controlled and systematic evaluation how neural 

circuits transform sensory inputs into behavioural outputs (Parker and Newsome, 

1998). One particularly useful behavioural paradigm in this context is the two-

alternative forced-choice (2AFC) task. 2AFC tasks instruct subjects to discriminate 

between two simultaneously presented stimuli and make judgements in alignment with 

the strength of a particular stimulus attribute. This allows rigourous examination of the 

relationship between stimulus characteristics and perceptual output (Carandini and 

Churchland, 2013; Green and Swets, 1966). When combined with neurophysiological 

recording methods, 2AFC tasks enable unique insights into the neural decision-

making processes that govern the transformation from sensory encoding to perceptual 

and motor output (Britten et al., 1992; Gold and Shadlen, 2007; Newsome et al., 1989). 

 

Cortex dependence is a fundamental requirement of any behavioural task if the goal 

is to study causal relationships between cortical processing and task execution. 2AFC 

tasks place greater computation demands on primary sensory cortex due to their 

relatively complexity in comparison to single-stimulus, single-response detection tasks 

(Carandini and Churchland, 2013; Park et al., 2020; Stüttgen and Schwarz, 2018). 

Accordingly, the next phase of my project involved training mice to discriminate 

differences in bilateral deflection intensity in a classical 2AFC behavioural framework.  

 

Bilateral deflection discrimination performance yielded high-quality psychometric 

curves, confirming striking perceptual sensitivity for sub-millimetre differences in 

single-whisker deflection intensity. To probe the temporal limits of whisker 
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discrimination, I implemented a range of complementary behavioural and bidirectional 

optogenetic manipulation experiments to test the relationship(s) between whisker 

input, barrel cortex activity and perceptual discrimination. My results confirm that 

sensorimotor processing in the whisker system is rapid, and that transient activity in 

barrel cortex, within a narrow temporal window aligned to sensory stimulus onset, 

influences both perceptual choice and decision-making speed.  
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4.2. RESULTS 
 

4.2.1. DISCRIMINATION TASK DESIGN 
 

Mice were initially trained on the ‘two-stimulus, two-choice’ categorisation task 

introduced in chapter 3. Once asymptotic task performance had been achieved, mice 

were transitioned to bilateral discrimination training. In these sessions, mice received 

brief (50 ms) simultaneous bilateral whisker deflections and had to compare the 

relative deflection intensity horizontally across both sides to guide their behavioural 

choices. The larger stimulus side served as the target, with the opposing weaker 

stimulus side serving as a perceptual distractor (Fig 4.1a). In accordance with the 

learned stimulus-response contingency, if Stim A > B on a given trial the target lickport 

was A for symmetric and B for asymmetric trained mice and vice versa. 

Deflection intensity was varied across trials by modulating the voltage amplitude of 

each piezo driving signal, resulting in differential displacements within a small range 

(0 to 1 mm; Fig 2.1). This enabled precise and repeatable experimental control over 

sensory evidence and thus trial perceptual difficulty. For example, if the relative 

difference between the target and distractor intensity is large, the discrimination should 

be easy, whereas when the difference is small, identifying the target side will be 

perceptually difficult. Importantly, fine control over bilateral input enables a condition 

whereby the sensory evidence is ambiguous (i.e., Stim A = B). This condition is 

valuable for investigating neuronal correlates of perceptual choice under fixed stimulus 

conditions (Britten et al., 1992; Newsome et al., 1989), as well as assessing underlying 

response and decision biases (Busse et al., 2011).   

Mice received 9 intensity difference stimulus-types (ranging from -100 to +100%) 

within each session in a pseudorandomised order.  Signed intensity difference 

indicates the relative difference in stimulus input delivered to the left (‘A’) and right (‘B’) 

whiskers. By convention, positive intensity differences indicate trials in which Stim A 

input is larger than Stim B and vice versa. An average of 309.1 ± 93.7 trials were 

delivered per session (Fig 4.1b), and mice performed 4.8 ± 3 discrimination sessions 

in total (mean ± std). Matched ‘0%’ difference trials were delivered with 0.2 probability, 
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with the other 8 stimulus-types each at 0.1 probability, yielding ~25 trial repeats per 

condition (with ~50 repeats for TS trials) per training session. Discrimination 

performance across trial conditions was quantified as the average probability of a 

‘Choice A’ response (for pooled contingency analyses), or the average probability of 

a ‘Lick A’ response (for contingency split analyses) excluding miss trials.  

 

4.2.2. DISCRIMINATION TASK PERFORMANCE 
 

Performance on the task yielded high-quality sigmoidal psychometric curves that 

spanned the full-extent of the y-axis. On trials with low (or absent) perceptual 

distraction, mice performed with expert accuracy, and at chance levels on matched 

0% difference trials. Discrimination performance appeared similar across both task 

contingencies, with average discrimination behaviour (aligned to directional licking 

response ‘P(Lick A)’) revealing mirrored psychometric curves for symmetric and 

asymmetric mice. Consistent with the inverse stimulus-response mapping, as Stim A 

input increased relative to Stim B, symmetric mice displayed increased tendency to 

respond with Lick A, whereas asymmetric mice responded with Lick B (Fig 4.1e). This 

effect is clearly seen when visualising individual lick-plots from both contingencies (Fig 

4.1c,d). Pooling all sessions across contingency, and aligning behaviour to P(Choice 

A), which inverts the asymmetric curve in Fig 4.1e along the horizontal axis midline, 

revealed a clear psychometric relationship between stimulus intensity difference and 

perceptual choice.  

Animals responded on average within 350-500 ms following stimulus onset. Reaction 

times for the preferred stimulus choice tended to decrease with increasing stimulus 

strength. This reaction time effect was more noticeable on error trials (i.e., when the 

trial is easy, but the animal reports the incorrect choice), in line with the correct vs 

incorrect response time difference described in chapter 3.2.2. Overall tendency to 

respond decreased with decreasing stimulus intensity, resulting in an inverted-U 

shaped curve when plotting miss rate across stimulus intensity difference (Fig 4.1h). 

This could be a result of increased perceptual ambiguity (i.e., the effect of distraction), 
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or the fact that the average input to each whisker decreases towards the middle of the 

x-axis (Fig 4.1b). Later experiments indicate the later as the likely cause. 

  

Figure 4.1  ç Bilateral deflection intensity discrimination.  

(a) Head-fixed mice received simultaneous bilateral deflections to the left and right C2 whiskers and 
were required to identify the larger ‘target’ side. (b) Different trial-types (9 in total) were delivered by 
varying the intensity of A and B piezo deflection. Signed intensity difference (%) was calculated as the 
difference between Stim A and B. (c) Example lick plot from a discrimination training session in a mouse 
trained on the symmetric task contingency. Trials are sorted along the y-axis according to intensity 
difference shown in (b), each row corresponds to a single trial, and each marker corresponds to a lick. 
The first lick response post-stimulus is coloured red or blue according to whether the response was 
lickport A or B. The inset shows the average discrimination performance curve (‘P(Lick A)’) across the 
9 different trial types. (d) Example lick plot from a discrimination session in a mouse trained on the 
asymmetric contingency. Plotting style is the same as in (c). (e) Average discrimination performance for 
symmetric (green) and asymmetric (orange) trained mice. Discrimination performance is calculated as 
P(Lick A) and is plotted against stimulus intensity difference (%). (f) Average discrimination performance 
plotted for all mice pooled across both contingencies. Discrimination performance is calculated as 
P(Choice A). (g) Average group reaction time split for Choice A responses (red) and Choice B responses 
(blue) across trial-types. (h) Average miss rate across trial-types. Data come from 31 symmetric mice 
(3.68 ± 2.66 (std) sessions per mouse) and 30 asymmetric mice (5.7 ± 3.15 (std) sessions per mouse). 
Data points represent the mean, shaded Errorbars denote SEM. 
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Remarkably, mice did not need additional training time to adjust or adapt from the 

bilateral detection to the bilateral discrimination task design. Behavioural performance 

in the first discrimination session showed psychometric curves that spanned the full 

extent of the y-axis (Fig 4.2). This suggests that the same behavioural strategy / 

perceptual mechanism learned to solve the binary detection task is implicitly able to 

solve discrimination trials. Perceptual sensitivity across training did not notably 

improve across subsequent sessions, perhaps due to a ceiling effect, with average 

psychometric curves appearing similar in shape and slope across days.  

Some mice showed consistent choice biases across sessions, identified by assessing 

behaviour on 0% difference trials, and subsequently if the psychometric curve is 

shifted to the left or right of centre (Fig 4.3). Bias direction was counterbalanced across 

the cohort of mice, resulting in average psychometric curves that appear centred (Fig 

4.1, Fig 4.2). Choice biases likely contribute to the high-variability in group 

performance  evident on harder discrimination trials (Fig 4.2). It is possible, that 

discrimination biases identified here are related to the task learning bias described in 

Fig 3.4, however threshold bias (quantified as the average P(Choice A) on 0% trials) 

and learning bias (quantified as the average difference across Stim A and B trial 

performance in the first 5 training sessions) did not correlate (r = 0.01, P = 0.95).   

Figure 4.2  ç Reliable discrimination performance across training days 

The psychometric curves for each mouse are shown for the first 4 training sessions from left to right. 
Grey lines show the performance of individual mice, with the average shown in black. Mice 
performed with high accuracy on the first discrimination training day (i.e., first exposure to bilateral 
stimulation trials).  
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Figure 4.3  ç Persistent choice biases across multiple sessions 

(a) Psychometric curves from two mice (left and right plot) that showed unbiased 
discrimination performance on average. Grey lines indicate psychometric curves from 
single training sessions, and the average across all sessions in shown in red. There is some 
variability across training sessions, but it averages to a curve that passes the intersection 
between axis midpoints. (b) Example psychometric curves from two mice showing 
persistent Choice A response biases across multiple training sessions. Note all curves are 
shifted to the left of centre. (c) Example psychometric curves from two mice showing 
persistent Choice B response biases. Note all curves are shifted to the right of centre. 
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4.2.3. ESTIMATING THE PSYCHOPHYSICAL LIMIT OF WHISKER DISCRIMINATION 
 

A key experimental goal of my project was to examine how targeted two-photon 

optogenetic manipulation of barrel cortex influences perception. I aimed to perform 

these experiments by analysing discrimination performance on perceptually 

ambiguous sensory trials with and without supplementary photostimulation, similar to 

classical microstimulation studies in primates (Salzman et al., 1992). To account for 

choice biases, I designed a procedure that allowed quick estimation of the 

psychophysical threshold stimulus using the method of constant stimuli prior to the 

stimulation experiment (Binder, 2009; Tanke et al., 2018). In a short behavioural 

baseline session, mice received a reduced set of trials (5 conditions ~15 repeats per 

condition), and the resulting discrimination performance was quantified (Fig 4.4). By 

fitting a sigmoidal curve to the behavioural data, I estimated the stimulus condition 

(i.e., the specific combination of Piezo A and B input) that should elicit chance 

performance (P(Choice A) = 0.5) in a given mouse , on a given experimental day. In 

subsequent results presented in the thesis, threshold stimulus (TS) refers to the 

stimulus condition estimated to be at the psychophysical discrimination limit. 

 

Figure 4.4  ç Estimating the psychophysical threshold stimulus 

The psychophysical threshold stimulus was estimated in a short behavioural discrimination session 
prior to interval / optogenetic biasing experiments. Three example estimation sessions from different 
mice are shown. Discrimination performance is plotted against Piezo A input (in terms of the driving 
voltage amplitude). Based on a psychometric fit to the data, the threshold stimulus (TS, red horizontal 
line) was estimated as the stimulus condition that gives rise to 0.5 choice accuracy. 
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4.2.4. PROBING THE TEMPORAL WINDOW OF SENSORY INTEGRATION 
 

On unilateral trials, mice make decisions with high choice accuracy, as the perceptual 

decision is not influenced by a competing distractor. However, on threshold trials, the 

sensory evidence is ambiguous, and mice respond at chance levels. How close in time 

do the left and right whiskers need to be deflected for the combined stimulus to be 

perceived as a perceptually ambiguous event? Presumably, by adding and then 

increasing the temporal offset between the left and right deflections on TS trials, at 

some point the interval will be sufficiently large that the second deflection arrives too 

late to serve as a perceptual distractor. Investigating the relationship between the TS 

interval and resulting perception of a unilateral/bilateral event, will provide insight into 

the temporal dynamics of bilateral whisker perception, and provide a means to 

estimate the speed of the sensorimotor transformation. 

To probe the temporal dynamics of perceptual decision-making, I introduced TS 

‘interval’ probe trials in a subset of behavioural testing sessions (23 experiments in 9 

symmetric, 35 experiments in 16 asymmetric mice). On TS-interval trials, whisker A 

input was delivered with a temporal offset relative to whisker B (Fig 4.5a). In total, 9 

different temporal intervals were probed (including 0 ms, which is the control TS) 

ranging from +200 ms (i.e., whisker A precedes whisker B by 200 ms) to -200 ms 

(whisker A lags whisker B by 200 ms) in steps of 50 ms. TS-interval trials were 

relatively infrequent (~30% of all trials) and were randomly interleaved within a 

sequence of intensity matched unilateral stimulus trials. Importantly, interval trials 

were not rewarded (or punished), and so mice were not implicitly conditioned to 

discriminate stimulus intervals. This enabled a straightforward assessment of how 

choice tendency relates to inter-stimulus interval. 

Plotting average choice tendency as a function of signed interval difference yielded a 

striking sigmoidal curve (Fig 4.5b). On control TS-trials (0 ms difference) mice 

performed at chance levels as expected, as TS input is specifically calibrated to evoke 

chance performance. However, introducing temporal differences in bilateral 

stimulation led to strong directional choice biases that aligned with the temporally  
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Figure 4.5  ç Probing the sensory integration window with bilateral interval trials 

(a) Interval probe trials were delivered by manipulating the relative onset time between A and B 
whisker stimuli. Interval trials were not rewarded and were interleaved in a trial sequence with a high 
proportion of unilateral trials (intensity-matched to the A/B component of the TS stimulus). (b) 
Average choice tendency plotted against stimulus interval, pooled across all mice. Perceptual 
discrimination sharply increases as a function of stimulus interval and according to the temporally 
leading stimulus. The blue and red points (labelled) correspond to unilateral control trials. (c) Average 
choice tendency on interval trials is split by symmetric (green) and asymmetric (orange) task 
contingencies. (d) Pooled absolute choice bias across lead and lag offset trials (‘Choice bias’) plotted 
as a function of bilateral stimulus interval, split by task contingency. (e) Choice bias (at 100 ms 
interval) plotted against mean reaction time on unilateral whisker trials. Each data point shows a 
single experiment, coloured by task contingency. The correlation shown is measured across all data 
point pooled across contingency. (f) Average reaction time plotted for TS (‘matched bilateral’) and 
unilateral whisker trials, split Choice A responses (left) and Choice B responses (right). Symmetric 
mice are shown in green, asymmetric in orange.  
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leading whisker stimulus. This shows that the perceptual weight of the contralateral 

distractor sharply decreases as the interstimulus interval increases. This sigmoidal 

relationship plateaued at around -100 and 100 ms, with sensory input arriving outside 

of this 100 ms window having minimal perceptual impact on behavioural decisions.   

Remarkably, a small temporal offset of 50 ms resulted in a choice bias of ~50% (i.e., 

a shift in from P(Choice A) = ~0.5 to ~0.75), suggesting that the perceived ambiguity 

of bilateral input is constrained to a very narrow temporal window < 50 ms. 

Furthermore, this shows that mice preferentially weight early over late sensory input 

in forming decisions concerning bilateral stimuli, indicative of a primacy-biased 

decision strategy, and that commitment to the perceptual decision occurs rapidly 

following sensory input. However, the asymptotes of the temporal interval 

discrimination curve did not completely match discrimination levels on unilateral 

stimulus trials (Fig 4.5b), falling short by about 10%, which implies that late arriving 

distractors can still carry weak perceptual salience. 

Splitting the data by task contingency revealed a stronger relationship between 

stimulus interval and perceptual bias in symmetric mice, despite equal discrimination 

accuracy performance on unilateral trials. The average sigmoidal curve for symmetric 

mice was steeper, and covered a greater extent of the vertical axis, compared with 

asymmetric mice (Fig 4.5c,d). This implies that sensorimotor transformation from 

whisker input to behavioural output is comparatively faster in symmetric mice, in line 

with the faster symmetric response times described previously in chapter 3 (and Fig 

4.5f). Indeed, perceptual speed (indexed here as the average choice bias on 100 ms 

temporal delay trials) strongly correlated with average reaction time on unilateral trials 

across mice confirming that mice that respond to whisker input rapidly, naturally tend 

to be less influenced by temporal perceptual distractors (Fig 4.5e). This correlation 

was also present within contingency group (symmetric r = - 0.51, P < 0.01; asymmetric 

r = -0.58, P < 0.0001), implying that reaction times in general are inherently related to 

sensory processing speed, as opposed to just being related to selecting and executing 

targeted lick responses. Interestingly, perceptual response times were not impacted 

by the presence or absence of bilateral distractors, with average reaction times on 

unilateral and TS trials showing no significant difference (Fig 4.5f). 
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4.2.5. OPTOGENETIC PHOTOINHIBITION BIASING EXPERIMENTS 
 

Optogenetics provides a unique ability for temporally precise and reversible silencing 

of neural activity (Prakash et al., 2012). Optogenetic silencing can be achieved through 

two strategies, either direct photoinhibition of excitatory neurons via activation of a 

light-gated chloride channel or proton pump, or via photoactivation of GABAergic 

neurons (Li et al., 2019). I selected the latter strategy, and designed photoinhibition 

experiments to test whether silencing barrel cortex impacted task performance, and 

whether delivering photoinhibition at later stages relative to whisker stimulus onset 

differentially effect behaviour. Transgenic mice expressing Cre-recombinase in PV 

interneurons were injected with a flexed-C1V1 virus, to restrict excitatory opsin to the 

PV interneuron population in right hemisphere barrel cortex (Fig 4.6b). Unilateral 

barrel cortex activity could therefore be rapidly and reversibly suppressed via ‘C1V1-

assisted’ photoinhibition (Cardin et al., 2009; ZV Guo et al., 2014).  

Trained mice underwent photoinhibition experiments, in which LED stimulation was 

paired with the psychophysical threshold stimulus (TS without temporal offset). LED 

stimulation onset was triggered at 0, 50 and 100 ms latency relatively to the TS to 

examine whether barrel cortex activity during this critical sensory window (Fig 4.5b), 

is involved in task performance. Trials with LED stimulation (approximately 40%) were 

not rewarded (or punished) and were interleaved with control trials (TS alone, 20%) 

and unilateral stimulation trials (40%). Due to the bilateral two-choice nature of the 

task, I hypothesised that silencing of unilateral barrel cortex should suppress 

contralaterally evoked activity in the stimulated hemisphere, and therefore lead to an 

ipsilateral whisker bias.  

In the LED experimental session, mice performed at expert levels on unilateral sensory 

trials, and near 50% on TS trials (TS P(Choice A) = 0.59 ± 0.18 mean ± std). Pairing 

TS with LED stimulation led to a significant ‘negative’ choice bias towards the 

ipsilateral whisker, assessed by comparing the session-averaged P(Choice A) across 

stimulated and non-stimulated trials. As per all behavioural analyses of choice 

presented in this thesis, miss trials were not included in this analysis, and therefore a 
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decrease in P(Choice A) corresponds to a matched increase in P(Choice B). The 

strongest effect on choice behaviour was observed when the LED was delivered  

  

Figure 4.6  ç Optogenetic photoinhibition of S1 causes an ipsilateral whisker bias. 

(a) Unilateral one-photon stimulation was used to activate PV interneurons expressing C1V1 during 
task performance. (b) Example FOV in L2/3 barrel cortex showing expression of Flexed C1V1 
(mCherry) in PV interneurons. (c) Trial schematic showing experiment design. LED stimulation (10 
mW, 500 ms) was triggered at different time intervals (0, 50 and 100 ms) relative to TS stimulus 
onset. The relative duration of sensory stim (50 ms) and LED stim (500 ms) are not depicted to 
scale. (d) Lick plot from an example LED cortical silencing experiment. Trials are sorted along the 
y-axis according to trial-type. Each row corresponds to a single trial, the horizontal dashed lines 
denote the different trial conditions. For simplicity, only the first post-stimulus lick is plotted, coloured 
red and blue for Choice A and B respectively. The orange shading represents when the LED was 
on. The black rectangular ticks indicate the trial outcome and are sorted into three columns that 
represent Choice A, B and miss responses from left to right. (e) Average choice tendency plotted 
against trial-type. Choice tendency was assessed as the average proportion of Choice A responses 
within a trial condition excluding miss trials. (f) Average change in reaction time on TS+LED trials 
relative to TS trials for Choice A (red) responses, and Choice B responses (blue). (g) Average miss 
rate across trial-types. Data come from 23 experiments performed in 4 mice trained on the 
asymmetric task. Data points show the mean, and shaded Errorbars show SEM. Statistical tests 
performed were Wilcoxon signed-rank tests, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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simultaneously (0 ms delay) with TS input (TS + LED 0 ms ΔP(Choice A) -0.2 ± 0.11, 

P < 0.0001). Delivering the LED with 50 ms delay led to a smaller negative bias (TS + 

LED 50 ms ΔP(Choice A) = -0.11 ± 0.14, P < 0.01), whilst delivering the LED at 100 

ms delay did not impact behaviour (TS + LED 100 ms ΔP(Choice A) = 0.003 ± 0.13, 

P > 0.05). This result is strikingly similar to the temporal interval discrimination curves 

(Fig 4.5b). 

Photoinhibition also significantly bidirectionally modulated reaction time. For Choice A 

responses, the action associated with the contralateral whisker to the stimulated 

hemisphere, LED stimulation increased mean reaction times. This effect was only 

significant on 0 ms LED delay trials (TS + LED 0 ms ΔChoice A RT = 42.3 ± 85.3 ms, 

P < 0.05). Comparatively, Choice B response times were decreased by LED 

stimulation. This effect was also only significant on 0 ms LED delay trials (TS + LED 

0 ms ΔChoice B RT = -33.6 ± 45.7 ms, P < 0.01). LED stimulation did not significantly 

change overall response rate on TS trials, and LED stimulation on its own did not 

trigger reliable evoked-licking (Fig 4.6g, LED alone  P(Miss) = 0.93 ± 0.08). Due to 

limited availability of PV-Cre mice, photoinhibition experiments were only performed 

in asymmetric train mice, unfortunately preventing a dual-contingency comparison on 

the impact of cortical silencing on directional licking. 

 

4.2.6. OPTOGENETIC PHOTOACTIVATION BIASING EXPERIMENTS 
 

Next, I performed a complementary set of experiments, this time using LED stimulation 

to activate barrel cortex pyramidal neurons expressing C1V1 (Fig 4.7). Based on 

previous experiments that mapped perceptual report of optogenetic stimulation 

against LED power (Fig 3.6), I selected an LED stimulus (1 mW) that was well below 

the threshold of detection to test if weak optogenetic input can bias sensory decision-

making. LED stimulation (fixed at 1 mW, 50 ms single pulse) was delivered at 0, 50 

and 100 ms delay relative to TS input following the same photoinhibition experimental 
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protocol (Fig 4.7c). Mice tested on photoactivation biasing experiments had not 

received LED stimulation before. 

 
Mice showed expert performance on unilateral sensory trials and performed at chance 

level on TS trials (TS P(Choice A) = 0.48 ± 0.15 mean ± std). Combined LED and TS 

stimulation lead to a positive choice bias towards the contralateral whisker (Fig 4.7e). 

This effect was present at 0 ms (TS + LED 0 ms ΔP(Choice A) = 0.13 ± 0.21 P < 0.05), 

and 100 ms (TS + LED 100 ms ΔP(Choice A) = 0.14 ± 0.17, P < 0.01) but was 

strongest at 50 ms (TS + LED 50 ms ΔP(Choice A) = 0.24 ± 0.14 P < 0.0001). LED 

stimulation also modulated reaction times, in the inverse direction to photoinhibition 

Figure 4.7  ç Optogenetic photoactivation of S1 causes a contralateral whisker bias  

(a) Unilateral one-photon stimulation was used to activate pyramidal neurons expressing C1V1 
during task performance. (b) Example FOV in L2/3 barrel cortex showing expression of C1V1-
mCherry under the CaMKII promotor. (c) Trial schematic showing experiment design. LED 
stimulation (1 mW, 50 ms) was triggered at different time intervals (0, 50 and 100 ms) relative to TS 
stimulus onset. (d) Lick plot from an example LED cortical activation experiment. Plotting convention 
same as in Figure 4.6d. (e) Average choice tendency plotted against trial-type. (f) Average change 
in reaction time on TS+LED trials relative to TS trials for Choice A (red) responses, and Choice B 
responses (blue). (g) Average miss rate across trial-types. Data come from 11 experiments 
performed in 11 different asymmetric mice and 10 experiments performed in 8 symmetric mice. Data 
points show the mean, and shaded Errorbars show SEM. Statistical tests performed were Wilcoxon 
signed-rank tests, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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experiments with LED stimulation decreasing reaction times to the hemispheric-

preferred stimulus choice, whilst increasing reaction times for the non-preferred 

stimulus choice. However, the only statistically significant effect was seen on Choice 

A response times 0 ms LED delay trials (TS + LED 0 ms ΔChoice A RT = -26.4 ± 36.4 

ms, P < 0.01). LED stimulation did not significantly change miss rate on TS trials and 

did not drive licking when presented without sensory input (Fig 4.7g LED alone  

P(Miss) = 0.94 ± 0.06).  

These photoactivation biasing experiments were performed in two cohorts of mice 

trained on either the symmetric or asymmetric contingency. Splitting the dataset by 

contingency confirmed that the biasing effect on choice behaviour and reaction time 

is consistent with a hemispheric-specific sensory bias towards the contralateral 

whisker, rather than a motor bias favouring one of the two lickports (Fig 4.8a). Aligning 

the discrimination behaviour to Lickport response ‘P(Lickport A)’, as opposed to 

stimulus choice, led to inverted biasing curves (Fig 4.8a). LED stimulation introduced 

a leftward lick A bias in symmetric mice, but a rightward lick B bias in asymmetric mice 

consistent with the learned operant lick response associated with the contralateral 

whisker. In both contingencies, the LED effect was strongest at 50 ms delay 

(symmetric TS + LED 50 ms ΔP(Lick A) = 0.24 ± 0.17 P < 0.01; asymmetric TS + LED 

50 ms ΔP(Lick A) = -0.24 ± 0.11 P < 0.001). Interestingly, the LED effect was only 

significant on 0 ms and 100 ms delay trials in symmetric mice (symmetric TS + LED 0 

ms ΔP(Lick A) = 0.19 ± 0.21 P < 0.05; asymmetric TS + LED 0 ms ΔP(Lick A) = -0.09 

Figure 4.8  ç Directional optogenetic-evoked lick bias is dependent on task contingency.  

(a) Data come from 11 experiments performed in 11 different asymmetric mice and 10 experiments 
performed in 8 symmetric mice. Data points show the mean, and shaded Errorbars show SEM.  
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± 0.2, P > 0.05; symmetric TS + LED 100 ms ΔP(Lick A) = 0.17 ± 0.18, P < 0.05; 

asymmetric TS + LED 100 ms ΔP(Lick A) = -0.12 ± 0.16, P > 0.05). 

Likewise, LED stimulation significantly decreased response times on Lick A responses 

in symmetric mice, and Lick B responses in asymmetric mice, demonstrating that 

stimulation specifically speeds up responses to the contralateral whisker choice, and 

slows down responses to the ipsilateral whisker choice independent of the left/right 

motor action. Significant LED-evoked changes in choice, reaction time or response 

rate were not present in control experiments (5 experiments, in 5 mice), performed in 

trained mice expressing GCaMP but not C1V1 (Fig 4.9). 

 

 

 

 

 

 

Figure 4.9  ç LED stimulation does not bias licking in control mice.  

(a) Optogenetic bias of choice behaviour is not triggered in trained control mice expressing 
GCaMP6s but not C1V1. (b) Optogenetic bias of reaction time was not present in control 
mice. (c) Miss rate in control experiments. Control experiments were from 5 experiments in 
5 mice trained on the asymmetric task. Data plotted as mean and SEM. 
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4.3. DISCUSSION 
 

4.3.1. RESULTS SUMMARY 
 

Head-fixed mice performed a bilateral whisker deflection discrimination task yielding 

high-quality psychometric curves within and across training sessions. Some mice 

showed persistent choice biases, which were accounted for in subsequent 

experiments by estimating the psychophysical threshold stimulus (TS). Temporal 

interval discrimination experiments demonstrate that perceptual processing of 

unilateral whisker input occurs rapidly with a narrow integration window, with mice 

committing to behavioural choices within a 100 ms window on average. The duration 

of this critical window strongly correlated with average lick reaction speed, with 

asymmetric mice showing weaker perceptual sensitivity to small temporal offsets in 

bilateral whisker stimulation compared with faster responding symmetric mice. 

Bidirectional one-photon stimulation had robust biasing effects on both perceptual 

choice and reaction time, confirming that mice solve the task via a perceptual 

mechanism that differentiates activity across the two hemispheres. Notably, 

hemispheric-specific effects on reaction times to the preferred stimulus choice, were 

mirrored by oppositive effects on reaction times to the preferred stimulus of the non-

stimulated hemisphere. Directional optogenetic effects on behaviour were specific to 

task contingency. The strongest effect of photoinhibition on choice bias was measured 

at 0 ms LED delay (i.e., simultaneous with sensory input), whilst the strongest effect 

of photoactivation was measured at 50 ms. 

 

4.3.2. TWO-ALTERNATIVE FORCED CHOICE TASK DESIGN 
 

2AFC tasks for head-fixed rodents are notoriously difficult to train, and can require 

multi-stage learning protocols that span months (Burgess et al., 2017; Mayrhofer et 

al., 2013). However, having a task design that provides an interpretable readout of 

perceptual behaviour is important for assessing perceptual bias, sensitivity and lapse 

rate (Carandini and Churchland, 2013). Furthermore, the ability to vary the quality of 
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the sensory evidence across different trials allows comparison of neural and 

perceptual processes using Signal Detection Theory (SDT) methods (Britten et al., 

1992; Carandini and Churchland, 2013; Green and Swets, 1966; Parker and 

Newsome, 1998; Stüttgen et al., 2011; Tanner & Swets, 1954). In this chapter, I show 

that following a rapid learning phase (~10 training sessions Fig 3.2), mice can make 

behavioural-decisions using bilateral whisker intensity cues in a classical 2AFC 

discrimination task framework, with exquisite perceptual sensitivity within a single 

discrimination training session. 

 

Mice performed with matched accuracy and sensitivity across both task contingency 

versions, enabling a framework to dissociate between the stimulus and motor 

processing components of task execution in future experiments. Further, this design 

feature can help provide an insightful and natural behavioural model for investigating 

the dynamics of cross-hemispheric sensorimotor processing (e.g. with cortex-wide 

imaging techniques; Ferezou et al., 2007), which has been studied in split-brain 

patients for many years (Volz and Gazzaniga, 2017). The dual-contingency approach, 

with consistent reaction time asymmetries, also provides an analogous 

somatosensory equivalent to standard behavioural paradigms used to investigate 

inhibitory cognitive control like the pro/anti-saccade task (Munoz and Everling, 2004).  

 

Overall, I have presented a novel contingency-counterbalanced bilateral whisker 

discrimination task framework that can be rapidly learned, and expertly executed well 

within 2 weeks of training. Mice perform large numbers of trials per session, with high-

accuracy on easy discrimination trials and psychophysical threshold performance 

under ambiguous sensory conditions. This task provides important novelty and 

sensorimotor complexity and adds to the growing arsenal of sophisticated 

sensorimotor tasks in head-fixed rodent research. 
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4.3.3. BILATERAL INTENSITY DISCRIMINATION 
 

The whisker system supports a diverse range of behavioural functions with exquisite 

perceptual sensitivity (Diamond and Arabzadeh, 2013; Diamond et al., 2008; Stüttgen 

and Schwarz, 2018). Many studies have developed precise behavioural tasks to 

probed the psychophysical properties, and neurometric correlates, of tactile 

perception in the whisker-to-barrel system (Gerdjikov et al., 2010; Musall et al., 2014; 

Stüttgen et al., 2006b). With reference to single pulsatile deflections, cortical barrel 

cortex neurons elicit spike counts that monotonically increase with deflection 

amplitude (Devor et al., 2005; Pinto et al., 2000; Stüttgen and Schwarz, 2008), with 

some neurons discriminating deflection differences of ~10 μm displacements (Li and 

Ebner, 2006; Simons, 1978). Similarly, larger amplitude whisker forces following 

object contact also elicit stronger neural responses during active whisking tasks 

(O’Connor et al., 2013; Peron et al., 2015). Whisker-system neurons relay input as an 

activity ‘volley’ which scales with stimulus intensity, thus providing a highly sensitive 

cortical representation of stimulus magnitude that can be directly used to discriminate 

and decode whisker information and guide behaviour (Bernardi et al., 2021; Pinto et 

al., 2000; Stüttgen and Schwarz, 2008; Tanke et al., 2018). This coding strategy likely 

underpins the remarkable behavioural capacity to discriminate sub-millimetre 

differences in deflection intensity demonstrated during task performance. 

Here, both hemispheres receive whisker input, and mice have to discriminate between 

sub-millimetre differences in left and right deflections to guide decisions. This type of 

two-stimulus decision is often formalised as a stochastic drift-diffusion process, where 

evidence (spikes) in favour of each stimulus is integrated until an decision boundary 

is reached, and the corresponding behaviour choice is made (Ditterich, 2006; Gold 

and Shadlen, 2007; Mazurek et al., 2003; Zuo and Diamond, 2019). Indeed, there is 

a large body of primate and rodent experimental research confirming that such 

evidence accumulation processes occur in decision-related areas including lateral 

intraparietal cortex, prefrontal cortex, cerebellum and striatum (Deverett et al., 2018; 

Ding and Gold, 2010; Hanks et al., 2015; Kim and Shadlen, 1999; Newsome et al., 

1989). Notably, striatum has also been shown to integrate bilateral whisker signals 

(Reig and Silberberg, 2014, 2016), and experimental manipulation of striatum has 
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prominent effects of perceptual behaviours (Sun et al., 2021; Wang et al., 2018), 

making it an likely downstream candidate effector for bilateral whisker discrimination 

task-execution. Furthermore, intra-hemispheric callosal communication likely plays an 

important role in shaping cortical representations of bilateral whisker stimuli 

(Glazewski et al., 2007; Li and Ebner, 2006; Petreanu et al., 2007; Reig and 

Silberberg, 2016; Shuler et al., 2001, 2002; Wiest et al., 2005)  

 

4.3.4. RAPID SENSORIMOTOR PROCESSING OF WHISKER INPUT 
 

Whilst some forms of decision-making behaviours require temporal accumulation of 

evidence across long timescales (Deverett et al., 2018; Erlich et al., 2015), simple 

sensory stimuli can be accurately and rapidly detected and discriminated given very 

short sampling windows (Resulaj & Rinberg, 2015; Thorpe et al., 1996; Uchida & 

Mainen, 2003). The ability to rapidly categorise sensory information is fundamental for 

enabling reactive and adaptive behaviour in the face of dynamic, and often 

unpredictable environmental conditions. Such split-hair decision-making ability could 

easily result in the difference between life or death in predator-prey interactions for 

example.  

The temporal limits imposed by such rapid decision-making scenarios implicitly 

demand rapid and efficient neural integration and computation (Stüttgen and Schwarz, 

2010).  In the whisker system, latency of the feedforward sensory relay from whisker 

input to barrel cortex is ~10 ms and involves three synapses that transmit information 

with high-fidelity through synchronicity (Bruno and Sakmann, 2006; Diamond and 

Arabzadeh, 2013; Petersen, 2007; Simons, 1978). Accordingly, it has been shown 

experimentally and theoretically across a range of sensory systems that the first 

stimulus-evoked spikes in cortex convey the majority of information required to decode 

and drive perceptual decisions (Day-Cooney et al., 2021; Panzeri et al., 2002; 

Petersen et al., 2002; Resulaj et al., 2018), suggesting that cortical processing is 

optimised for executing rapid sensorimotor transformation. Indeed, behaviourally 

measured reaction times inherently include time needed to prepare and execute motor 
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sequences, and therefore profoundly overestimate the time required for perceptual 

processing of sensory inputs (Haith et al., 2016). 

The results presented in this chapter showcase the ability of the whisker system to 

perform rapid, and highly accurate, sensorimotor perceptual decisions in a goal-

directed licking task. In alignment with previous estimates implying short (~25 ms) 

encoding time windows in barrel cortex (Stüttgen and Schwarz, 2008, 2010), and other 

areas of primary sensory cortex (Resulaj and Rinberg, 2015; Resulaj et al., 2018), 

small temporal offsets in threshold stimulus (TS) input lead to strong decision-biases 

that aligned with the temporally leading whisker side. Inputs arriving at inter-stimulus 

intervals later than 100 ms had substantially reduced impact on behavioural choices, 

suggesting a primacy-weighted decoding strategy, that rapidly generates sensory 

percepts robust to perceptual distractors. It should be noted that this effect is present 

in an experimental context where temporal discrimination has no implicit benefit, as 

TS-interval trials were not positively reinforced with rewards. This robustness to 

temporal distraction could be underpinned by attractor-state dynamics in licking-

related motor cortex, recently shown to play an important role in decision-formation 

and maintenance (Finkelstein et al., 2021). Furthermore, interhemispheric 

suppression is also likely to play an important role in suppression of late arriving 

contralateral whisker inputs (Shuler et al., 2001; Wiest et al., 2005). 

One slight design flaw in the temporal interval experiments presented in this chapter 

is that the duration of whisker pulses (50 ms) was less than interval range tested (0 – 

200 ms). Therefore, it is possible that both stimulus onset and offset events provide 

perceptual salience that contribute to strong leading-whisker temporal bias. Indeed, 

barrel cortex neurons respond to both deflection onset, and offset, however responses 

are generally weaker for the offset (Brumberg et al., 1996; Simons, 1985). Future 

experiments would benefit from the use of ‘ramp and hold’ stimuli, where initial 

deflection is maintained across a longer time interval, before slowly returning to resting 

set-point (Brumberg et al., 1999). 
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4.3.5. TEMPORALLY PRECISE OPTOGENETIC INHIBITION OF BARREL CORTEX 
 

Mapping spatiotemporal cortical dynamics is important for understanding the 

contribution of different neural circuits to perceptual decision-making (Guo et al., 

2014a; Hernández et al., 2010; Levi and Huk, 2020). Cortex-wide imaging studies, 

either employing voltage-sensitive indicators or genetically encoded calcium 

indicators, offer unique insights into spatiotemporal evolution of activity patterns (Chen 

et al., 2017; Ferezou et al., 2007; Guo et al., 2014a; Musall et al., 2019; Steinmetz et 

al., 2019). Likewise, complementary cortex-wide photoinhibition mapping experiments 

can provide causal insight into the sequential flow of information across cortex during 

different stages of task-execution (Guo et al., 2014a). 

Accordingly, many studies have confirmed that barrel cortex plays a transient but 

critical behavioural role specifically during whisker-stimulus presentation (Guo et al., 

2014a; Sachidhanandam et al., 2013), with areas such as anterolateral motor context 

playing a later role in the formation, maintenance and execution of targeted lick 

responses (Guo et al., 2014a; Li et al., 2015). To corroborate these findings, I 

performed temporal barrel cortex photoinhibition experiments during TS presentation. 

Results confirmed that activity in barrel cortex causally relates to the perceived 

intensity of the contralateral whisker stimulus, with LED photoinhibition driving 

contralesional neglect and a resulting ipsilateral whisker choice bias, without impacting 

overall response rate. This effect was robust and strongest when LED stimulation was 

presented simultaneously with TS (0 ms delay), weaker at 50 ms and completely 

absent on 100 ms delay trials, confirming a transient but critical role of barrel cortex 

activity in perceptual processing that matches the temporal profile of behavioural 

interval experiments. This result is strikingly similar to a recent study performing a 

similar temporal photoinhibition experiment in visual cortex, which estimated the 

threshold duration of visual cortex activity to be ~80 ms (Resulaj et al., 2018). Indeed, 

whisker input, and microstimulation-injected activity, rapidly spreads from barrel cortex 

to high-order sensory and motor areas within ~20-30 ms (Ferezou et al., 2007), 

suggesting barrel cortex rapidly broadcasts cortical signals pertaining to whisker input 

to a wide sensorimotor network.  
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Of particular interest is a slight discrepancy between my results here and previous 

reports showing that late excitation (~50 – 400 ms) in barrel cortex causally relates to 

the detection of whisker deflection (Sachidhanandam et al., 2013). In this study, whole-

cell recordings in L2/3 reveal a distinct difference in depolarisation that precedes and 

predicts perceptual detection of passive whisker input. In this study, photoinhibition 

onset, designed to suppress the early phase of depolarisation (0 – 50 ms) or the late 

phase (100 – 400 ms) following whisker deflection robustly suppressed subjective 

stimulus report. However, in my experiments, photoinhibition onset at 100 ms had no 

measurable impact on discrimination performance or response time suggesting that 

barrel cortex activity by 100 ms no longer influences the decision process.  

Whilst both of these results confirm that early barrel cortex activity (< 50 ms) is critical 

for whisker perception, one intriguing possibility underlying this difference in late 

photoinhibition could be related to nuance in task design. In my task both hemispheres 

receive input, and presumably compete (Shuler et al., 2001; Wiest et al., 2005) to drive 

decision-making, whereas the study by Sachidhanandam et al, (2013) employ a 

simple unilateral yes/no detection paradigm, where there is no implicit temporal 

pressure enforcing rapid sensorimotor decisions. Therefore, it is possible that 

interhemispheric competition during bilateral discrimination imposes distinct temporal 

constraints on decision-making dynamics that emphasis rapid decoding of stimulus-

evoked spiking in barrel cortex in a winner takes all scenario. 

 

4.3.6. OPTOGENETIC ACTIVATION OF BARREL CORTEX 
 

Experimentally stimulating cortex is a valuable tool for directly testing links between 

neural spiking and behavioural functions, and many studies have demonstrated that 

modulating cortical activity can bias perceptual report of sensory stimuli (Musall et al., 

2014; Romo et al., 2003; Salzman et al., 1992). Strikingly, nanostimulation of single 

barrel cortex neurons can exert perceptual impact on threshold whisker deflection 

detection rate (Tanke et al., 2018), corroborating neurophysiological recordings that 

show spatiotemporally sparse activity patterns dominate sensory coding (Barth and 

Poulet, 2012; Clancy et al., 2015; Lefort et al., 2009). 



 131 

To examine the relationship between barrel cortex activity and sensory discrimination, 

I performed a set of gain-of-function photoactivation experiments, whereby 

optogenetic stimulation of C1V1-expressing pyramidal neurons was paired with TS 

input. To complement the photoinhibition experiments, LED stimulation was triggered 

at different temporal intervals relative to sensory stimulation, at 0 50 and 100 ms 

delays. The LED stimulus intensity was specifically calibrated to be well below the 

perceptual threshold of detection based on previous psychometric optogenetic 

detection experiments where mice were incentivised to report stimulation with positive 

reward reinforcement (Fig. 3.6). Therefore, I could examine whether weak-optogenetic 

input biases behaviour without the confound of the LED stimulus triggering licking de 

novo. 

Photoactivation significantly biased perceptual behaviour in favour of the contralateral 

whisker to the hemisphere stimulated at all intervals tested. As intended, LED 

stimulation did not elicit robust directional licking responses when delivered alone, or 

when delivered with TS input in opsin blank control mice. The supplementary 

optogenetic biasing effect was present in both symmetric and asymmetric cohorts, 

with the directional lick bias, as well as reaction time difference, switching according 

to the learned task contingency. This confirms that barrel cortex activation positively 

biases both choice and perceptual speed towards the hemispheric-preferred stimulus 

whilst antagonising perceptual processing of the non-preferred stimulus (Ditterich et 

al., 2003). The temporal profile of photoactivation on choice bias was notably distinct 

compared with photoinhibition experiments. The strongest perceptual impact of 

photoactivation was measured on 50 ms delay trials, with weaker effects at 0 ms and 

100 ms. Although there are notable differences between LED stimulus parameters 

(photoactivation was 50 ms, photoinhibition was 500 ms). 

Whilst suprathreshold spiking in barrel cortex following whisker deflection is 

characteristically sparse, a large proportion of neurons receive subthreshold input 

(Moore and Nelson, 1998; Petersen and Crochet, 2013a). Indeed subthreshold 

depolarisation can last 100s of milliseconds (Petersen et al., 2003; Sachidhanandam 

et al., 2013). It is possible that optogenetic stimulation interacts with, or piggy-backs, 

on a wave of sensory-evoked depolarisation, converting subthreshold responses into 
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suprathreshold spiking. This mechanism can explain why weak-optogenetic input 

reliably biases behaviour on TS trials but fails to reach the perceptual threshold when 

delivered alone. 

Following the interpretation that temporal coincidence of optogenetically and sensory-

evoked spikes mediates the differential perceptual effect of stimulation across trial 

conditions, the short sensory transmission delay (~10 ms) from whisker to cortex may 

lead to a temporal mismatch between sensory and optogenetic evoked activity on 0 

ms trials, perhaps underlying a weaker perceptual biasing effect. Additionally, if the 

LED triggers spiking before the arrival of afferent sensory input, it’s possible that 

disynaptic recruitment of GABAergic interneurons may quell the subsequent sensory-

evoked response (Avermann et al., 2012; Mateo et al., 2011).  Whilst the latency of 

LED triggered spiking cannot be ascertained without paired electrophysiological 

recording, optogenetically triggered spiking in barrel cortex can be rapid ~2 ms latency 

(although latency and jitter increases at weaker light intensities; O’Connor et al., 2013). 

Indeed it has been shown previously that microstimulation of visual cortex (area MT) 

delivered simultaneously with visual stimulation has greater perceptual biasing effects 

compared to when stimulation is delivered prior to the visual stimulus (Seidemann et 

al., 1998). Likewise, microstimulation-bias efficacy decreased at increasing post-visual 

stimulus delay intervals, implying short temporal constraints mediate perceptual 

cooperation between endogenous and exogenous triggered spiking.  

On this note, in contrast with the photoinhibition experiments, photoactivation at 100 

ms lead to a smaller but consistent biasing effect on choice. This implies that although 

information flow through barrel cortex is rapid, additional late-arriving optogenetic input 

can still influence sensory decision-making. This is somewhat in contrast with the 

bilateral temporal discrimination behavioural findings, which suggest that late arriving 

whisker distractors have minimal perceptual impact. One intriguing possibility for 

explaining this difference could be inter-hemispheric suppression, whereby the leading 

whisker stimulus activates barrel cortex, which subsequently inhibits the contralateral 

hemisphere, thus reducing the perceptual salience of the lagging distractor stimulus. 

Indeed, such cross-hemisphere inhibitory interactions have been previously reported 

in barrel cortex (Shuler et al., 2001), and neural mechanisms of distractor suppression 
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have been documented in areas of somatosensory and prefrontal cortex (Cheng et 

al., 2016; Suzuki and Gottlieb, 2013; Vogels and Abbott, 2009). 

Similar to previous reports investigating the impact of cortical microstimulation of 

perceptual speed (Ditterich et al., 2003), both photoactivation and photoinhibition of 

barrel cortex exerted bidirectional and inverse effects on reaction time. In 

photoactivation experiments, optogenetic stimulation significantly decreased (i.e., 

sped up) response times towards the preferred stimulus choice encoded by the 

contralateral whisker, whilst significantly increasing (i.e., slowed down) response times 

to the non-preferred stimulus choice. Conversely, photoinhibition increased responses 

times to the preferred stimulus, whilst decreasing response times to the non-preferred 

stimulus.  

This suggesting that cortical manipulation does not just impact the intracortical signal 

relating to the contralateral stimulus, but also exerts an antagonistic effect on the 

intracortical signal relating to the ipsilateral stimulus. This is in line with previous 

reports demonstrating that bilateral whisker stimulation suppresses contralateral-

evoked responses in barrel cortex, and that this suppressive interaction is abolished 

when the other hemisphere (contralateral to the electrophysiological recording) is 

silenced with muscimol (Shuler et al., 2001; Wiest et al., 2005). Evidence of mutual 

inhibition across hemispheres adds anatomical weight to the interpretation that left 

and right barrels compete to during the decision-process, although the effect of 

bilateral whisker perceptual distraction on reaction time on sensory only trials was 

notably absent. 

Indeed, communication between hemispheres naturally plays an important role in 

coordinating sensorimotor processing, learning and memory (Harris and Diamond, 

2000; Rema and Ebner, 2003; Shin et al., 1997). Remarkably, callosal transections 

can improve task performance when monkeys are trained to perform two diametrically 

conflicting visual discriminations with each eye by reducing presumed cross-

hemispheric perceptual interference (Sperry, 1964). Furthermore, interhemispheric 

inhibition has been widely reported in transcranial magnetic stimulation studies of 

motor control (Di Lazzaro et al., 1999). 
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4.3.7. CONCLUSION 
 

The results presented here, and in the preceding chapter, strongly implicate a causal 

role for barrel cortex in both stimulus detection and discrimination, a topic that remains 

unresolved in the literature (Hong et al., 2018; Stüttgen and Schwarz, 2018). Strong 

optogenetic activation is sufficient to trigger targeted licking responses in the absence 

of whisker input, whilst weaker optogenetic input drives robust psychophysical 

perceptual biasing effects on threshold stimulation trials. Both effects are specific to 

the learned stimulus-response contingency and are absent in control mice that do not 

express opsin.  

Suppression of barrel cortex leads to contralesional neglect with stronger ipsilateral 

whisker biases occurring at shorter sensory-LED presentation intervals. 

Photoactivation and photoinhibition also had opposite modulatory effects on reaction 

time, effecting both the speed of contralateral and ipsilateral preffered choices. This 

implies inter-hemispheric dynamics may be dominated by suppressive interactions, as 

modulating one hemisphere had the opposite effect on the other. The temporal profile 

of both bilateral and optogenetic distractors suggest that rapid propagation and gating 

of sensory input in barrel cortex enabling robust perceptual decision-making. 
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5. CHARACTERISING TASK-EVOKED ACTIVITY IN L2/3 WITH TWO-
PHOTON IMAGING 

5.1. INTRODUCTION 
 

Population calcium imaging has emerged as the dominant technique for characterising 

neural activity non-invasively across large populations of genetically targeted neurons 

in vivo (Chen et al., 2013c; Peron et al., 2015; Tian et al., 2009). Such recordings are 

valuable for investigating longitudinal neural circuit dynamics during perceptual 

processing and sensorimotor learning (Huber et al., 2012; Margolis et al., 2012), and 

offer an unbiased sampling approach essential for characterising sparse 

spatiotemporal population activity (Barth and Poulet, 2012; Shoham et al., 2006). 

Having developed a behavioural framework and demonstrated that manipulating 

activity in barrel cortex influences stimulus detection, discrimination and reaction time, 

I performed calcium imaging experiments during task performance to characterise 

activity in L2/3 during task performance.  

To allow clean separation of sensory from action related signals during two-photon 

imaging experiments, I adapted the task by adding a short temporal delay between 

stimulus presentation and response epochs (Guo et al., 2014c). I analysed neural 

responses in the delay epoch between stimulus presentation and response as licking 

can cause intra-skull axial brain motion that can induce artefacts in two-photon 

imaging data (Andermann et al., 2010; Chen et al., 2013b; Greenberg and Kerr, 2009), 

and reward signals may confound analyses of sensory and decision correlates.  

As it is has recently be shown that spontaneous movements profoundly shape cortical 

dynamics (Ayaz et al., 2019; Gilad et al., 2018; Musall et al., 2019; Stringer et al., 

2019b), and naturally whisking generates afferent input to barrel cortex (Crochet and 

Petersen, 2006; de Kock and Sakmann, 2009; O’Connor et al., 2010; Peron et al., 

2015), I acquired behavioural videography data during imaging (Methods Fig 2.7). 

Accordingly, I performed and analysed population calcium imaging experiments to 

investigate the stimulus-encoding, decision-predictive and bilateral integrative 

properties of L2/3 neurons during sensorimotor behaviour. 
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5.2. RESULTS 
 

5.2.1. DELAYED-RESPONSE DISCRIMINATION TASK 
 

A new batch of mice were co-injected with GCaMP6s and soma-targeted (st) C1V1 in 

right hemisphere barrel cortex (Fig 5.4b) and trained on a delayed-response version 

of the discrimination task. Following presentation of a vibrotactile whisker stimulus of 

uniform sinusoidal intensity (duration 500 ms, frequency 20 Hz), mice withheld their 

response across a short temporal delay and were instructed to report their decision 

following an auditory go cue (1.4 seconds later). Notably, multi-whisker vibrotactile 

deflections were found to instrumental for reliable delay-task discrimination 

performance, perhaps due to a relative increase in perceptual saliency critical for 

maintaining decisions in short-term memory, compared with brief pulsatile single-

whisker deflection. To condition mice to withhold licking until the go cue I used a 

motorized lickport (Deverett et al., 2018; Guo et al., 2014c), and on each trial and the 

lickports were moved into reach to cue the response epoch.  

Mice were trained on this task using the same strategy as the non-delay task version, 

with only unilateral (A or B) whisker trials initially (i.e., no distractors), and the first 1-2 

instructionary sessions being prompted with the autoreward (Methods 2.2.4). In 

addition to unilateral A and B trials, a small proportion of trials (~10%, ‘catch trials’) 

were delivered without whisker input, to assess false alarm rate and lickport bias in 

the absence of sensory evidence (Fig 5.1d). False alarm responses were punished 

with a 5 s timeout during training. Trials were delivered pseudorandomly, and stimulus 

onset was not cued. The response window (determined by the duty cycle of the lickport 

motor position) was set at 2 seconds (Fig 5.1c).   

Different cohorts of mice were trained on the symmetric and asymmetric task 

contingencies (Fig 5.1b). Initially, mice performed at chance levels, with slow and 

variable reaction times and a high false alarm rate on catch trials (Fig 5.1e,f, 5.2d). 

With additional daily training both cohorts of mice reached high-levels of performance 

on both stimulus types within two weeks (Fig 5.1e,g). Task learning status was granted 

if three consecutive training sessions had above or equal to 75% correct discrimination 
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performance on both Stim A and B trials. Faster learning rates were observed for the 

symmetric task version (sym 7.8 ± 4.8 days; asym 12.4 ± 4.1 days, P < 0.05). Following 

task learning, both cohorts performed with high-discrimination accuracy (sym 

P(Correct) = 0.93 ± 0.02; asym P(Correct) = 0.88 ± 0.04, P > 0.05). 

 

Figure 5.1  ç Training mice on a delayed-response discrimination task 

(a) Behavioural setup. Head-fixed mice received vibrotactile multi-whisker stimulation to the left (A) 
or right (B) whiskers. (b) Different cohorts of mice were trained on the two task contingencies. (c) 
Example trial structure. Stimuli were presented for 500 ms, and mice were instructed to report their 
decision after a 1 second delay. (d) Overview of trial-types used in training phase. (e) Average 
learning curves for symmetric (green) and asymmetric (orange) cohorts. The inset shows the 
number of training sessions required to learn the task. (f) Average reaction time across training for 
symmetric (green) and asymmetric (orange) cohorts. (g) Lick plots for an example symmetric trained 
mouse across different stages of training. Beginner performance (session 1 left), intermediate 
performance (session 3 middle) and expert performance (session 10 right). Trials are sorted along 
the y-axis according to stimulus type. The blue vertical line in session 1 indicates the time of the 
programmed autoreward. Data are presented as the mean, and shaded Errorbars show SEM. 
Statistical tests performed were Wilcoxon ranked sum tests, * P < 0.05, ** P < 0.01. 



 138 

 

Reaction times on whisker stimulus trials decreased across training and became more 

time-locked to the go cue signal (Fig 5.1f; Fig 5.2c,d). Reaction speeds were 

comparable between symmetric and asymmetric mice (sym RT from cue = 195.5 ± 

49.1 ms; asym RT from cue = 209.3 ± 39.8 ms P > 0.05), and average reaction times 

relative to stimulus onset were 1604 ± 43 ms (mean ± std). The lack of reaction time 

effect between contingencies in the cued-response task is likely attributable to the fact 

that the delay epoch provides sufficient time to plan targeted lick trajectories (Li et al., 

2015). Reaction times on false alarm catch trials did not show a decrease across 

training and remained ~400 ms from cue (Fig 5.2c). Correct rejection rate on catch 

trials increased across training and plateaued at ~50% (Fig 5.2b), with mice showing 

no directional catch trial lick bias on average (Fig 5.2e).  

As performance improved across learning, false alarm rate on catch trials tended to 

decrease towards the end of the training session, consistent with the interpretation 

that increased thirst at session beginning drives impulsive licking (Fig 5.1g P(False 

alarm) first half of session 0.47 ± 0.15, second half of session 0.55 ± 0.16, P < 0.001). 

A comparative decrease in response rate on whisker trials was not seen across the 

session, with mice responding on nearly every trial (P(Miss) first half of session 0.01 

± 0.01, second half of session 0.01 ± 0.01, P > 0.05). 

Training was performed in a sound-proofed training rig (Methods Fig 2.2), in complete 

darkness and with continuous background white-noise. To confirm that whisker 

deflection cues guide task performance, performance was assessed as piezo 

deflectors were moved forwards and subsequently out of reach from the whisker field 

by approximately 1 cm. This manipulation abolished discrimination to chance levels, 

with performance subsequently recovering when whisker-contact was re-established 

(Fig 5.2f; P(Correct) baseline = 0.97 ± 0.03; contact removed = 0.5 ± 0.06; contact 

replaced = 0.95 ± 0.04 mean ± std). This confirms that lateralised auditory cues from 

piezo vibration, which are notably more salient during longer vibrotactile deflections 

relative to the single pulse deflection stimuli used in the non-delay task version, do not 

contribute to task discrimination.  
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Figure 5.2  ç Additional metrics for assessing task performance 

(a) Learning curves are split by sensory trial-type (red = Stim A trials, blue = Stim B trials. (b) 
Average response rate across training. Black data points indicate sensory trials, and white data 
points denote catch trials. (c) Mean response time on sensory (black) and catch (white) trials. (d) 
Average response time variability across training for sensory (black) and catch (white) trials. RT 
variability was assessed using standard deviation. (e) Average response bias on catch trials 
across training. (f) Control experiment confirming visual and auditory cues do not drive 
behavioural performance. Piezo whisker contact was transiently removed by moving the stimulus 
paddles out of reach from the whisker field. Data in this figure is pooled across both task 
contingencies.  
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Once mice reached expert and asymptotic performance, they transitioned to 

discrimination training sessions. Pairs of A and B whisker deflection stimuli were 

selected from a 5 x 5 combinatorial stimulus ‘matrix’, with 25 different stimulus 

conditions delivered pseudorandomly within a single behavioural session (299 ± 105.7 

total trials per session mean ± std). Accordingly, mice received a large range of trial-

types varying in both deflection intensity and discrimination difficulty within a single 

training session. This implicitly guards against a decision strategy whereby mice can 

inform choices using a thresholded readout from one whisker/hemisphere alone.  

Discrimination performance increased both as a function of stimulus intensity and 

intensity difference, with chance performance tending to occur at weaker intensities 

(as on catch trials) and difficult discrimination conditions. Response time, and 

response rate tended to decrease at lower deflection intensities and did not appear to 

be modulated by discrimination difficulty. Notably, false alarm rates (measured on 

0:0% catch trials) were greater in discrimination sessions compared with unilateral 

training sessions (~0.9 vs 0.5), presumably as the relative proportion of non-rewarded 

catch trials, to potentially rewarded sensory trials are lower in the matrix stimulus set. 

Furthermore,  false alarm trials, and incorrect discrimination trials, were not punished 

during discrimination sessions, to avoid discouraging responses on weak or 

ambiguous sensory trials, and matched intensity threshold trials were rewarded with 

0.5 probability, to avoid reinforcing systematic choice biases. Therefore, decision-

making strategies during discrimination sessions may favour an increased level of 

guessing to maximise reward outcome.  
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5.2.2. TWO-PHOTON IMAGING DURING TASK PERFORMANCE 
 

In the first part of a two-stage experiment, calcium imaging data was acquired from 

L2/3 barrel cortex (150 – 200 um below the pial surface) whilst head-fixed mice 

performed the delayed-response discrimination task. The latter stage, comprising 

targeted two-photon photostimulation experiments, will be discussed in the 

subsequent chapter 6. Imaging experiments were performed after stable learning and 

Figure 5.3  ç Bilateral discrimination performance on the delayed-response task.  

(a) Mice received simultaneous whisker deflections to the A and B whiskers and discriminated 
differences in deflection intensity. (b) Example discrimination trial structure. (c) Average 
discrimination performance for symmetric (left) and asymmetric (right) cohorts during training. 
Paired A and B whisker deflection intensities were delivered from a 5 x 5 combinatorial stimulus 
matrix (total of 25 trial-types per session). The coloured squares within the 5 x 5 grid denote the 
difference between Lick A and B response probability (i.e., discrimination accuracy) across the 
paired stimulus conditions. (d) Average response time (left) and miss rate (right) across stimulus 
conditions. Data is pooled across both task contingencies.  



 142 

discrimination performance had been reached, and data were not collected 

longitudinally across learning.  Two-photon calcium imaging movies were acquired in 

short sequential blocks (20000 frames per block, ~11 minutes duration) from single-

plane fields of view in each session (512 x 512 pixel resolution, 470 x 470 um) 

sampling an average 256.5 ± 44.1 somatic ROIs (mean ± std) in L2/3 at 30 Hz. 

Recordings were performed across 30 experiments in 7 symmetric mice (4.3 ± 2.0 

sessions per mouse, mean ± std) and 22 experiments in 6 asymmetric mice (3.7 ± 1.8 

session per mouse, mean ± std). Obvious differences in task-related activity were not 

found across contingencies, and were not pursued further for the purpose of this 

thesis, and so imaging results presented in this chapter are pooled across all 

experiments, unless specifically stated otherwise.  

Two-photon imaging fields of view were localised to barrel cortex using widefield 

imaging fluorescence maps, acquired at the beginning of each imaging experiment. 

Passive contralateral multi-whisker stimulation evoked a widefield fluorescence 

response spanning a ~1 mm area and lasting approximately 1.5 seconds (Fig 5.4a). 

The two-photon FOV was positioned according to the peak intensity of the evoked 

widefield signal 500 – 1000 ms following stimulus presentation, with precise lateral 

and axial positioning adjusted based on qualitative assessment of GCaMP6s and 

C1V1 co-expression and avoidance of large blood vessels (Fig 5.4b). Precise 

alignment of fields of view across different experiments within the same mouse was 

avoided to increase the total proportion of L2/3 neurons sampled.  
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Imaging data were registered and segmented into somatic ROIs using Suite2p 

(Pachitariu et al., 2016) with semi-manual ROI curation (Appendix). As GCaMP viral 

expression strategies lead to dense labelling of axonal and dendritic neuropil, 

limitations in the axial resolution of two photon excitation can result in out-of-focus 

neuropil contamination in somatic ROIs (Chen et al., 2013c; Ji et al., 2012; Peron et 

al., 2015). Accordingly, scaled neuropil signals were subtracted from somatic signals, 

with contamination coefficients estimated for each ROI using robust linear regression 

(Methods Fig 2.12; Chen et al., 2013b). Resulting somatic fluorescence traces showed 

spontaneous and stimulus-locked transients characteristic of action potential firing (Fig 

5.4c,d; Chen et al., 2013b). 

Figure 5.4  ç Two-photon calcium imaging of L2/3 barrel cortex  

(a) Widefield response map following contralateral multi-whisker stimulation. Top left image shows 
baseline GCaMP6s fluorescence. The white box indicates the location of the 2P FOV shown in (b). The 
time-series shows the normalised stimulus-triggered average (STA) fluorescence response following 
whisker stimulation (measured across 0 – 1800 ms). (b) Co-expression of GCaMP6s (green) and st-
C1V1 (magenta) in L2/3  (FOV 470 x 470 um). (c) Fluorescence traces (black) from 9 example neurons 
from (b) during spontaneous imaging (duration shown ~5 minutes). (d) Activity from the same neurons 
in during task performance. The dashed red lines indicate stimulus trigger onsets. The grey trace at the 
bottom of (c) and (d) indicates whisking activity extracted from simultaneously acquired videography. 
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Trial-wise activity responses were quantified in the delay period between stimulus and 

response epochs by averaging the ΔF/F response for each ROI 500 – 1000 ms 

following stimulus onset. Baseline ‘F’ calculated as the mean fluorescence in a 1 

second window prior to stimulus delivery. Inter-trial interval (ITI) was set at 12 seconds, 

to account for slow decay kinetics of GCaMP6s and prevent cross-trial contamination 

of activity. This ITI duration was also informed by pilot experiments showing that trial-

evoked whisking activity can persist for multiple seconds following the end of the 

response window epoch. 

To increase the number of trials per condition only 5 trial-types were delivered during 

behavioural imaging sessions, spanning the top left to bottom right diagonal from the 

stimulus matrix set (-100, -50, 0, +50 and +100 intensity difference; Fig 5.3). This trial-

set therefore included 2 ‘easy’ unilateral trials, 2 moderate discrimination trials, and a 

’50:50’ ambiguous trial condition. Average performance during imaging consequently 

yielded opposing sigmoidal psychometric curves for symmetric and asymmetric mice 

when aligned to P(Lickport A) behavioural responses (Fig 5.5). A total of 109.9 ± 25.1 

trials (mean ± std) were delivered during imaging sessions, with a higher fraction of 

ambiguous trials delivered to improve sensitivity in analyses of decision-correlates. 

Behavioural data from all sessions were pooled by aligning choice behaviour to 

P(Choice A), unless otherwise stated (Fig 5.5c). 
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Figure 5.5  ç Discrimination performance during two-photon imaging sessions 

(a) Discrimination performance during imaging sessions for symmetric trained mice. Each subplot 
shows an individual mouse, with data points showing mean performance across stimulus conditions 
averaged across sessions. The number of sessions acquired for each mouse is indicated on the 
plot. Performance is aligned to Lickport A responses. Miss trials were not included in analysis. (b) 
Same as (a) but for asymmetric trained mice. (c) Average discrimination performance for all 
symmetric (green) and asymmetric (orange) mice. Top plot shows performance aligned to Lickport 
A responses; the bottom plot shows performance aligned to stimulus choice. The black dashed line 
indicates the average performance pooled across both contingencies.  
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5.2.3. SPARSE CODING OF CONTRALATERAL AND IPSILATERAL WHISKER INPUT IN L2/3 
 

The first observation made on examining the neural data, was that in addition to 

contralateral ‘Stim A’ coding neurons, some neurons showed reliable responses to 

ipsilateral ‘Stim B’ whisker trials. Accordingly, L2/3 neurons in the FOV were classified 

into two functional groups with respect to their evoked activity on unilateral Stim A 

(contralateral) and B (ipsilateral) trials. This revealed a distribution of selectivity for 

lateralised whisker input across the L2/3 population, with some neurons showing large 

and reliable evoked responses selectively on Stim A trials, and others showing 

selective responses on Stim B trials (Fig 5.6b). The onset of evoked activity showed 

temporal locking to stimulus onset and not the go cue, and all functional 

characterisation was performed on responses measured before cued-licking (green 

bars in Fig 5.6b).  

Figure 5.6  çHeterogenous contralateral and ipsilateral stimulus-selectivity in L2/3  

(a) Example field-of-view (FOV) in L2/3 barrel cortex. Regions of interest (ROIs) corresponding to 
neuronal somata in (a) are coloured by stimulus-selectivity. Each neuron was assigned a selectivitiy 
(AUC) score based on an ROC analysis indicating how well the evoked response (mean 500 – 1000 ms 
after stimulus onset) discriminated between Stim A (contra) and B (ipsi) trial-types. (b) Example stimulus-
selective neurons from (a) showing single trial responses on unilateral Stim A (red) and B (blue) trials. 
Neurons 1 and 2 show selective activity for Stim A with high AUC scores. Neurons 3 and 4 show selective 
activity for Stim B with low AUC scores. Green bar (500 – 1000 ms) shows the imaging response analysis 
window. The vertical dashed lines show the time of stimulus presentation and go cue. (c) Quantification 
of task-relevant stimulus-selective (left), choice selective (middle) and lick-direction selective (right) 
neurons. (d) The average population distribution of stimulus-selectivity scores shown for Stim A (red), B 
(blue) and non-selective (grey) neuron groups. 
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Significant stimulus-selective neurons were identified by comparing the trial-wise 

evoked responses on A vs B trials using a Mann-Whitney U test, with a statistical 

threshold of P < 0.05. This procedure identified ~30% of the population as having a 

stimulus-selective response, with equal proportions selective for A (Fraction of the 

total imaged population: 0.14 ± 0.05 mean ± std) and B (0.14 ± 0.07 mean ± std) trials 

(Fig 5.6c). These proportions corresponded to 36.7 ± 15.8 (mean ± std) Stim A-

selective neurons and 37 ± 18 Stim B-selective neurons per FOV. A and B-tuned 

neurons were present in all mice imaged and across both task contingencies (Fig 5.9). 

Significant choice, or lick-direction neurons were not found above levels expected by 

chance and will be discussed in further detail later (Fig 5.6c). Selectivity 

characterisation was based on a comparison across 32.6 ± 14.2 Stim A trials and 32.5 

Figure 5.7  ç Pixelwise analysis of stimulus-tuned neurons 

(a) Pixelwise STA response maps are shown for an example experiment across the 5 intensity 
difference trial-types. Calcium imaging frames from 500-1000 ms post stimulus onset were averaged 
and normalised to a 1 s pre-stimulus baseline. The leftmost image shows the average FOV response 
to unilateral Stim B trials, and the rightmost image shows the FOV response to unilateral Stim A 
trials. (b) The difference between Stim A (+100%, red in a) and B (-100%, blue in a) response map 
is shown. Stim A preferring neurons appear red, Stim B preferring neurons appear blue. (c) STA 
‘stamps’ showing pixelwise responses aligned (centred) on Stim A selective neurons (top row) and 
Stim B selective neurons (bottom row) across different intensity difference conditions. The difference 
between Stim A and B maps is shown on the right.    
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± 14.2 Stim B trials (mean ± std), which included additional A and B trials delivered in 

the later photostimulation session (discussed in chapter 6). 

Functional categorisation was supplemented using ROC analysis, with each neuron 

assigned a selectivity AUC score according to how well an ideal observer could predict 

the stimulus-type (A vs B) based on the evoked trial response (Fig 5.6a,b,d). 

Accordingly, Stim A neurons had high average selectivity scores (AUC 0.8 ± 0.04 

mean ± std), Stim B neurons had low scores (AUC 0.21 ± 0.04), and non-selective 

neurons had average scores of 0.5 indicative of chance discrimination performance 

(AUC 0.5 ± 0.02; Fig 5.6d). Furthermore, trace-based analyses of stimulus preference 

were corroborated with stimulus-triggered averaged (STA) pixelwise analyses, 

performed on raw fluorescence imaging movie frames (Fig 5.7). Stimulus-selective 

ROIs defined using Suite2p extracted traces had somatic spatial footprints in the raw 

calcium movie data, with pixelwise intensity differences across trial-types matching 

extracted fluorescence trace signatures (Fig 5.7b,c). This suggests the classification 

of stimulus-responsive neurons is not dominated by extraneous and residual 

contamination from surrounding neuropil. 

 

5.2.4. STIMULUS-SELECTIVE L2/3 NEURONS SHOW TUNING FOR PREFERRING 
DEFLECTION INTENSITY 

 

To investigate the relationship between L2/3 activity and stimulus input, I compared 

the evoked responses in Stim A, B and non-selective neuron groups across all trial 

conditions. Stimulus-selective neurons showed robust tuning for deflection intensity, 

with the amplitude of evoked fluorescence transients monotonically increasing as a 

function of preferred stimulus intensity (Fig 5.8a,b). Non-selective neurons showed a  

consistent but weak evoked response on average that was not modulated by stimulus 

intensity (Fig 5.8b), perhaps reflecting non-specific task-related activity related to 

preparatory licking or whisking. For stimulus-selective neurons the largest trial-evoked 

responses were elicited on preferred unilateral stimulation trials, with weaker stimulus 

input evoking smaller responses, and absent (and even slightly negative) responses 

measured on non-preferred stimulus trials (Fig 5.8a,c).  
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On preferred-stimulus trials, Stim A neurons tended to show faster onsets, and larger 

amplitude responses compared with Stim B neurons (Stim A neurons ΔF/F 0.19 ± 0.12 

mean ± std; Stim B neurons ΔF/F 0.12 ± 0.06; P < 0.01). On threshold stimulus trials, 

activity was generally weaker and dominated by Stim A neuron responses (Stim A 

neurons ΔF/F 0% trials 0.12 ± 0.11 mean ± std; Stim B neurons ΔF/F 0% trials 0.03 ± 

0.04; P < 0.0001). On non-preferred stimulus trials (which are discriminated with high-

accuracy, and therefore rewarded with high frequency) average activity in stimulus-

tuned groups remained flat across the entire trial epoch, indicating that stimulus-

Figure 5.8  ç Stimulus-selective neurons show tuning for deflection intensity   

(a) Trial-evoked imaging and behavioural responses across all experiments (pooled across task 
contingencies). Top: Average fluorescence traces for Stim A preferring neurons (red) and Stim B 
preferring neurons (blue), aligned to stimulus onset across trial-types. Bottom: Behavioural 
discrimination performance shown as the average probability of Choice A (red) and B (blue) 
responses across time. (b) The average evoked fluorescence response across trial conditions is 
shown for Stim A selective neurons (red), Stim B selective neurons (blue) and non-selective neurons 
(grey). (c) Trial-wise average evoked response size across all neurons binned as a function of 
stimulus-selectivity. (d) Average response reliability across all neurons binned by stimulus-
selectivity.  
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selective neurons are not reliably driven by licking or reward-related activity. Likewise, 

average activity in stimulus-tuned neurons did not show a reliable second peak aligned 

to the response epoch. However, despite responses being absent on catch trials 

(analysed with respect to a ‘fake’ stimulus trigger), both neuron groups showed a weak 

response aligned to the go cue on false alarm trials (which were not rewarded), which 

is therefore indicative of some contribution of licking and whisking related activity (Fig 

5.8a).  

 

Population responses were also analysed without parsing neurons into functionally 

defined categories. Plotting the average response across stimulus conditions as a 

function of stimulus-selectivity (AUC) confirmed that a sparse fraction of highly-

selective neurons with low or high selectivity scores dominate the population response 

to stimulus input (Fig 5.8c). These neurons also showed high response reliability on 

preferred stimulus trials, with reliability decaying with decreasing stimulus intensity 

(Fig 5.8d). The majority of neurons, tending to have AUC scores near 0.5, showed no 

reliable evoked activity across any trial type, confirming that a large fraction of ‘silent’ 

neurons do not appear to contribute to L2/3 processing during task performance.  
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Figure 5.9  ç Stimulus-selective neuron responses are consistent across all mice 

(a) Neurometric curves for symmetric trained mice. Average ΔF/F evoked response is plotted for 
Stim A selective cells (red) and Stim B selective cells (blue) across stimulus conditions. (b) Same 
as (a) but for asymmetric trained mice. Each plot shows an individual mouse. (c) Group averaged 
neurometric curves for symmetric (top, green) and asymmetric (bottom, orange) cohorts. The red 
and blue coloured bars indicate stimulus intensity. Data are plotted as mean, and Errorbars show 
SEM. 
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5.2.5. PSYCHOMETRIC AND NEUROMETRIC COMPARISON 
 

The response profile for A and B selective neurons across stimulus conditions 

qualitatively matched psychometric discrimination performance. This relationship was 

formally assessed by training a binary ROC stimulus decoder to discriminate unilateral 

A and B trials using an optimal static ΔF/F activity threshold defined with stimulus-

selective group activity on unilateral trials, and then testing decoder performance 

across the full range of discrimination trials (Britten et al., 1992; Green and Swets, 

1966). Neurometric curves for A and B selective neurons closely matched 

psychometric discrimination performance, with high-discrimination accuracy on 

unilateral trials which decreased as a function of increasing perceptual distractor 

intensity (Fig 5.10a,b).  

Notably, psychometric performance tended to be slightly better on average at 

classifying preferred stimuli on bilateral discrimination trials compared with 

neurometric performance (Fig 5.10a,b). To examine whether this discrepancy is 

related to the fact that only a small proportion of the overall fraction of stimulus-

selective L2/3 neurons are sampled in the single-plane imaging FOV, I tested the 

relationship between neurometric decoding performance and the sample population 

size (Fig 5.10c). Remarkably, neurometric sensitivity appeared largely robust to 

variations in the sample size of neurons included in the decision pool. The sample size 

was varied by iteratively sub-sampling the proportion of stimulus-selective neurons 

included in the analysis, and the resulting average neurometric performance was 

assessed for 100%, 75%, 50% and 25% total population sizes (Fig 5.10c). Stim A 

neurons: full sample: 29.1 ± 14.4 neurons, 75%: 21.9 ± 10.8 neurons, 50%: 14.8 ± 7.2 

neurons; 25% 7.4 ± 3.5 neurons mean ± std; Stim B neurons: full sample: 29.9 ± 17.6 

neurons, 75%: 22.6 ± 13.2 neurons, 50%: 15.2 ± 8.8 neurons; 25% 7.6 ± 4.4 neurons 

mean ± std. Neurometric curves appeared near identical across the range of 

population sizes assessed, however neurometric sensitivity was notably decreased 

when decoding was based on a single stimulus-selective neuron. 
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Figure 5.10  ç Psychometric and neurometric comparison 

(a) Comparison between the average neurometric curve for Stim A selective neurons (red) and the 
average behavioural psychometric curve (black) across all experiments. A binary ROC classifier 
was trained to discriminate trial-type (Stim A vs B) using the mean evoked fluorescence response 
from Stim A neurons. Decoder performance (fraction of trials classified as Stim A) is plotted across 
trial-types. (b) Same as (a) but for Stim B preferring neurons. Decoder performance is assessed by 
the fraction of trials classified as Stim B. (c) Neurometric decoder performance is plotted as a 
function of the proportion of sample neurons included in the decision pool. (d) Stimulus-selective 
neurons do not encode choice or lick-direction signals.    
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5.2.6. STIMULUS-SELECTIVE L2/3 NEURONS ARE NOT PREDICTIVE OF BEHAVIOURAL 
CHOICE 

 

As stimulus-selective neurons show strong neurometric coupling to discrimination 

performance, I performed analyses to examine the relationship between neuronal 

activity and behavioural choice (Britten et al., 1996; Newsome et al., 1989). To assess 

whether activity correlated with behavioural decisions, I analysed activity on threshold 

trials (TS), where fixed ambiguous sensory evidence elicits Choice A and B responses 

with approximately equal probability (Fig 5.9d). On threshold trials, the average trial-

evoked activity within Stim A, B or non-selective neuron groups was split by trial 

outcome (Choice A vs B, or Lick A vs B) and assessed using ROC analysis at different 

sequential time points relative to stimulus presentation (Britten et al. 1996). The 

distinction between stimulus choice and lick direction can be made through having 

both symmetric and asymmetric stimulus-response contingency datasets.  

Neither A, B or non-selective neuron groups showed choice or lick-direction predictive 

activity during either the pre-stimulus, stimulus presentation, delay or response trial 

epochs, with ROC classifier performance remaining at chance levels across the entire 

trial window (Fig 5.9d). Average choice probability (CP) during the delay epoch 

calculated for individual Stim A and B neurons did not deviate from chance (Stim A 

neurons CP = 0.5 ± 0.03; Stim B neurons CP = 0.5 ± 0.03 mean ± std P > 0.05). 

Likewise, calculating stimulus-group CP (by summing the aggregate trial-evoked 

response across stimulus-selective neurons) also did not show any correlation with 

choice (Stim A group CP = 0.49 ± 0.13; Stim B group CP = 0.48 ± 0.12 P > 0.05). The 

relative difference between Stim A and B group responses on TS trials also did not 

predict choice (activity difference CP = 0.52 ± 0.13, tested difference from 0.5 P > 

0.05) and average CP across the entire population in L2/3 also did not differ from 

chance (population CP 0.5 ± 0.02). Choice-based analyses were based on a 

comparison across 21.6 ± 14.6 TS Choice A trials and 24.1 ± 15.3 TS Choice B trials 

(mean ± std). 
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5.2.7. NON-SENSORY FACTORS DOMINATE DECISION-MAKING UNDER STIMULUS 
UNCERTAINTY 

 

The lack of a choice-predictive signal in L2/3 prompted further analysis of behavioural 

performance, as previous studies have documented a range of non-sensory factors 

that can influence perceptual decision-making (Busse et al., 2011). To address these 

points, I examined whether trial history influenced behavioural decisions during task 

performance. This analysis revealed a distinct behavioural strategy, whereby mice 

tended to repeat the action of the previous trial specifically on match bilateral intensity 

trials (Fig 5.11b; P(Repeat previous choice) = 0.66 ± 0.11 mean ± std, tested difference 

from 0.5 P < 0.0001). As the trial-sequence is pseudorandomised, basing decisions 

on previous trials is a suboptimal strategy, and therefore the tendency to repeat the 

previous choice should occur at chance levels by design. Indeed, on unilateral and 

moderate discrimination trials, where the sensory evidence reliably cues the target 

response and mice perform with high choice accuracy, mice did not repeat choices 

(not significant from chance Fig 5.11a).  

 

The decision to repeat choices on ambiguous trials was strongly dependent on the 

reward outcome of the previous trial, with a strong bias towards repeating previously 

rewarded actions indicative of a win-stay lose-switch decision-strategy (Fig 5.11c). 

Furthermore, average response bias on TS trials (i.e., the absolute value of P(Choice 

A)) strongly correlated with lickport bias measured on catch trials (r = 0.53, P < 0.001; 

Fig 5.11d). It therefore appears that both reward history and lickport preference drive 

decision-making under uncertainty during task performance and that this may 

obfuscate a measurable correlate of choice in barrel cortex.  

Figure 5.11  ç Influence of previous trial outcome and lickport bias on decision-making 

(a) Average psychometric performance is shown across trial-types. (b) Mice show an 
increased tendency to repeat previous actions on ambiguous sensory trials. (c) On repeated 
action TS trials, the decision to repeat the same behavioural choice is strongly predicted by 
the reward outcome of the previous trial. 
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5.2.8. CHARACTERISING WHISKING EVOKED ACTIVITY IN L2/3 
 

Whisking has strong impacts on sub and suprathreshold activity dynamics in L2/3 

(Crochet and Petersen, 2006). First, to characterise whisking-evoked L2/3 activity in 

the absence of passive deflection input, I analysed whisking videography recorded 

during spontaneous imaging sessions. Spontaneous activity movies were acquired at 

the beginning of each behavioural imaging experiment whilst the stimulus paddles 

were in position (but static), and therefore whisking is likely to generate active touch 

events as commonly reported during active tactile behavioural tasks (Fig 5.12a; Chen 

et al., 2013a; O’Connor et al., 2010, 2013; Peron et al., 2015).  

 

Due to the front facing camera angle, relative low frame rate (100 fps in my study 

compared with e.g. 1000 fps in Hires et al., 2015) and the fact that mice performed the 

task with a full set of bilateral whiskers, I did not attempt to track fine-scale kinematic 

whisking patterns. Instead, a general measure of whisking activity was extracted using 

a ROI-based method (Fig 5.12a), where pixel intensity in ROIs corresponding to the 

left (red, A) and right (blue, B) whisker pads were compared across videography 

frames (Methods 2.5.2).  

Active whisking events were detected in extracted movement traces by using a 

threshold of 2 standard deviations across a rolling window of 1 second (Fig 5.12b). 

This led to clear identification of whisking behaviour, which corresponded with visual 

inspection of videography data. Whisking tended to strongly correlate with body 

movement (Fig 2.7). Whisking was highly correlated bilaterally across both symmetric 

(mean whisking A-B trace correlation r = 0.82 ± 0.08) and asymmetric (r = 0.81 ± 0.12) 

trained mice. Accordingly, measured whisking event rate across both whisker pads 

was equal (Whisker pad A 0.19 ± 0.08 Hz; Whisker pad B 0.2 ± 0.07 Hz mean ± std, 

P > 0.05), with a high conditional probability of bilateral events (P(Whisking A | B) 0.71 

± 0.14; P(Whisking B | A) 0.69 ± 0.13; P > 0.05). Due to symmetric whisking activity, 

a global measure of whisking was derived by taking the average trace signal from both 

whisker pads. Separate analyses of unilateral whisking patterns are described later.  
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Figure 5.12 ç Whisking-evoked activity in L2/3 during spontaneous imaging. 

(a) Example frame from a facial videography recording. The red and blue boxes show the ROIs 
used to extract whisking activity. (b) Extracted whisking during a spontaneous imaging session from 
whisker A (top trace) and B (bottom trace) ROIs shown in (a). The horizontal dashed lines indicated 
the onset of detected spontaneous whisking events. (c) Detected whisking events for the example 
recording shown in (b). The heatmap shows single whisking events (ordered along the y-axis) 
aligned to whisking onset. The top plot shows the individual whisking traces, with the average shown 
as a bold white line. (d) Average neural activity aligned to the onset of spontaneous whisking for the 
example experiment shown in (c). The heatmap shows the average fluorescence traces of all 
neurons in the FOV. Each row corresponds to an individual neuron, and neurons are sorted into 
task-defined stimulus groups along the y-axis. Stim A selective neurons (top, red bar), Stim B 
selective neurons (middle, blue bar), non-selective neurons (bottom, grey bar). The top plot shows 
the whisking-triggered average fluorescence response for these three neuron groups. (e) Mean 
whisking-triggered responses across all spontaneous imaging experiments. (f) Mean proportion of 
whisking-responsive neurons in the FOV. The inset shows the proportions of whisking-responsive 
cells belonging to each stimulus-defined group. (g) Proportion of stimulus-defined cell groups that 
show significant whisking-evoked activity. Data points show the mean and shaded errobars show 
SEM. Statistical tests performed were Wilcoxon signed-rank tests, * P < 0.05, ** P < 0.01, *** P < 
0.001. 
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Aligning neural data to the detected onset of whisking events confirmed robust 

whisking driven responses across the L2/3 population (Fig 5.12c,d). The total fraction 

of active whisking responsive cells across all experiments was 0.23 ± 0.08 (Fig 5.12f) 

assessed by comparing averaged evoked responses to pre-whisking baseline) and 

was similar across both task contingencies (sym proportion of active whisking cells 

0.25 ± 0.07, asym 0.22 ± 0.09 P > 0.05). The proportion of whisking-responsive cells 

correlated with the mean proportion of passive deflection responsive cells in the FOV 

(r = 0.46, P = 0.001). Active whisking triggered activity in Stim A and B selective 

neurons, however the majority of whisking activated cells were non-stimulus selective 

(Fig 5.12f inset; with respect to passive deflection input). This indicates that the weak 

non-specific response evoked in non-selective neurons across trial-types could be 

related to a non-specific whisking response (Fig 5.7b). 

 

Whisking activated similar proportions of Stim A and B neurons, with a slight bias 

towards A neurons (Fig 5.12f,g proportion of Stim A neurons whisking responsive 0.31 

± 0.14, Stim B neurons 0.27 ± 0.13 mean ± std, P = 0.07). Trial-wise whisking event 

amplitude strongly correlated with evoked ΔF/F responses in Stim A neurons (median 

r = 0.4, median P = 0.00003) with a weaker correlation for Stim B neurons (median r 

= 0.26, median P = 0.009). This is consistent with the interpretation that Stim A cells 

receive strong bottom-up input from L4, with Stim B cells receiving weaker indirect 

input via callosal projections from the contralateral hemisphere (Shuler et al., 2001). 

However, mean whisking evoked ΔF/F amplitudes for A and B neurons, whilst greater 

than non-stimulus selective neurons, was not significantly different (Fig 5.12e; 0.02 ± 

0.01, B neurons 0.03 ± 0.02, P > 0.05). 
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5.2.9. ASSESSING WHISKING ACTIVITY DURING TASK PERFORMANCE 
 

To assess the impact of active whisking responses on task-related L2/3 activity I 

analysed whisking patterns acquired during behavioural imaging experiments. Mice 

showed clear patterns of whisking and body-movement that aligned to whisker-

stimulation onset that ramped across the delay period (Fig 5.13). Notably, this 

preparatory movement during the delay epoch occurred in the absence of licking 

behaviour (Fig 5.13a), which was confirmed using DeepLabCut videography analysis 

to track tongue movement (Methods Fig 2.8; Mathis et al., 2018). Trials where early 

licking occurred before the offset of the analysis window (500 – 1000 ms), were 

excluded from further analysis (~10% of trials). As expected, preparatory movements 

were not seen on catch trials, but a small and transient twitch was triggered by delivery 

of the go cue (Fig 5.13a,b).  

 

Figure 5.13  ç Preparatory whisking and body movement during the delay 

(a) Average lick response probability binned across the trial epoch for difference trial-types. The 
filled histograms indicate reaction time distributions measured with the lickport; the coloured lines 
indicate lick probability measured with videography. The boxplots show the mean videography 
measured reaction times. The vertical dashed lines indicate the stimulus onset and go cue 
respectively; the green bar indicates the temporal window for extracted 2P imaging responses. (b) 
Average stimulus-evoked whisking activity for contralateral whiskers (A). Colours indicate different 
trial-types labelled in (a). (c) Same as (b) but for body movement. With the exception of catch trials 
(yellow) data in this figure only shows responses on trials where a choice was made.  
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As my analysis window for extracting neural activity (500 – 1000 ms post stimulus-

onset; green bars Fig 5.13), designed to avoid licking related signals, is subsequently 

contaminated by preparatory whisking and body movements, I performed analyses to 

characterise whisking responses across A, B and TS trial-types (Fig 5.14). Delay 

epoch whisking responses were similar on A and B trials (whisker pad A response on 

A trials 0.39 ± 0.15 au, B trials 0.4 ± 14 au, P > 0.05; whisker pad B response on A 

trials 0.38 ± 0.21 au, B trials 0.42 ± 0.16 au P > 0.05), but significantly reduced on TS 

trials (whisker pad A response on TS trials 0.25 ± 0.11 au, compared with A trials P < 

0.00001; whisker pad B response on TS trials 0.26 ± 0.14 au, compared with B trials 

P < 0.00001. The same profile was seen with body movements, with larger 

movements on unilateral trials (body response on A trials = 0.06 ± 0.06 au; body 

response on B trials 0.06 ± 0.04 au; P > 0.05) compared with TS trials (0.04 ± 0.04 au 

mean ± std; P < 0.0001). Whisking and body movements on TS trials were consistently 

Figure 5.14  ç Whisking does not predict the presence of A and B tuned neurons 

(a) The stimulus-triggered average whisking response extracted from whisker pad A is shown on 
Stim A (red), Stim B (blue) and threshold stimulus (TS) trials (grey). Delay epoch whisking is similar 
on A and B trials but reduced on TS trials. Note that the whisker deflection stimulus (0 – 500 ms, 20 
Hz oscillation) is clearly visible on Stim A trials, and to a lesser extent on TS trials, but absent on 
Stim B trials (because the opposite whiskers are stimulated). (b) The difference in whisking response 
during the delay epoch (average 500 – 1000 ms) on Stim A and B trials (x-axis) is plotted against 
the proportion of Stim A (left two plots) and B (right two plots) responsive cells in the FOV. 
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greater than those measured on catch trials. Note that physical stimulus-deflection of 

the whiskers is present as a 20 Hz 500 ms oscillatory signal in the whisking measured 

signal, and the presence of this deflection signal on Stim A or B trials is naturally 

dependent on the A / B whisker side measured. The whisking examples shown in Fig 

5.13b and Fig 5.14a are from whisker A pad, and therefore on A (red trials), there is a 

large deflection signal (0 – 500 ms) that is absent on B (blue trials). 

 

As asymmetric whisking patterns during unilateral stimulus contact have been 

previously reported (Mitchinson et al., 2007; Sachdev et al., 2003), I examined the 

possibility that whisking differences across trial-types may relate to the relative 

proportion of A and B selective neurons identified in the FOV (Fig 5.14). Average 

unilateral whisking differences during the delay epoch across A and B trials did not 

predict the proportion of A-selective neurons (Whisker pad A r = 0.1, P > 0.05; Whisker 

pad B r = -0.01, P > 0.05), B-selective neurons (Whisker pad A r = 0.09, P > 0.05; 

Whisker pad B r = 0.26, P > 0.05) or the relative difference between A and B-selective 

neurons in the FOV (Whisker pad A r = -0.02, P > 0.05; Whisker pad B r = -0.13, P > 

0.05; Fig 5.14b). These analyses confirm that the evoked whisking responses during 

the delay epoch are not notably different across A and B trials, and that whisking 

differences do not appear to underlie the presence of stimulus-selective neurons that 

code for A vs B passive whisker deflection input. 

Next, I compared whisking and neural responses on TS trials across different trial 

outcomes. A clear difference between neural activity on hit trials (where mice report 

either an A or B choice) relative to miss trials (no lick response) was evident. This 

difference was present during the delay epoch and increased across the response 

epoch consistent with licking  / no licking (Fig 5.15a). However, whisking patterns on 

hit vs miss trials also exhibited a striking difference, with ramping whisking activity and 

a large response locked to the go cue on hit trials relative to miss trials. A small go 

cue triggered whisking response on miss trials (Fig 5.15b grey trace) closely 

resembled that measured on catch trials (Fig 5.13b yellow trace). Accordingly, both 

whisking and body movement measurements reliably predicted hit vs miss trials, with 

accurate discrimination performance evident from stimulus onset (Fig 5.15c). 
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Comparatively, neither neural, whisking or body activity predicted choice A vs B trials 

(Fig 5.15d,e,f).  

 

 

 

Figure 5.15  ç Analysing neural activity and whisking across different trial outcomes 

(a) Average stimulus-evoked neural activity on TS trials split by behaviour. Green shows ‘hit trials 
(i.e., trials when mice made a choice) and grey shows miss trials.  The inset shows the average 
response measured in the window 500 - 1000 ms from stimulus onset. (b) Averaged evoked whisking 
pattern on hit and miss trials. The inset shows the average normalised whisking response measured 
500-1000 ms post stimulus. (c) A binary ROC decoder was trained to predict trial-outcome (hit vs 
miss) using whisking data (orange) , body movement (blue) or neural data (grey). The decoding 
performance is plotted across time. (d) Average stimulus-evoked neural activity on TS trials split by 
choice. Red shows Choice A trials and blue shows Choice B trials. (e) Averaged evoked whisking 
pattern on Choice A and B trials. The inset shows the average normalised whisking response. (f) A 
binary ROC decoder performance on predicting choice (A vs B) using whisking data (orange), body 
movement (blue) or neural data (grey). Imaging data shown are from Stim A selective neurons. 
Statistical tests performed were Wilcoxon signed-rank tests, * P < 0.05, ** P < 0.01, *** P < 0.001, 
**** P < 0.0001. 
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Further analysis confirmed that average fluctuations in neural activity preceding choice 

A and B across experiments can be predicted by differences in whisking patterns 

across Choice A and B trials (Fig 5.16a). Choice probability was calculated using the 

mean evoked response in Stim A neurons (Neural CP) on choice A and B TS trials 

and compared with an analogous measure derived from the evoked whisking 

responses measured across the same period in the same trials (Whisking CP). 

Comparing both metrics revealed a positive correlation that indicates that whilst on 

average neural responses are not predictive of choice, variability across the dataset 

can be explained by accounting for differences in whisking, with some mice exhibiting 

the tendency to whisk slightly more prior to reporting one choice over the other. 

Likewise, a similar relationship was observed when analysing hit vs miss difference 

(‘Detect probability’ Cook and Maunsell, 2002; Yang et al., 2015), with whisking DP 

correlating with neural activity differences on hit vs miss trials (Fig 5.16b). 

 

 

Figure 5.16  çDifferences in average whisking activity can predict neural decision 
correlates.  

(a) Choice probability was calculated using neural responses (‘Neural CP’) and whisking 
responses (‘Whisking CP’) using ROC analysis on TS Choice A and TS Choice B trials. The 
correlation between Neural CP and Whisking CP is shown. (b) Same as (a) but showing ‘Detect 
probability’,  calculated on TS Hit and TS Miss trials. 
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5.2.10. CHARACTERISING L2/3 RESPONSES TO BILATERAL WHISKER STIMULATION 
 

The design of the stimulus-set delivered during behavioural imaging was optimised for 

psychometric performance, without a specific comparable matched intensity unilateral 

and bilateral condition. Accordingly, to assess whether L2/3 integrates bilateral stimuli 

the responses to a range of unilateral and matched bilateral whisker deflection 

intensities were characterised in passive mapping experiments performed after 

behavioural experiments. 9 different stimulus types, constructed from a 3 x 3 

combinatorial stimulus matrix were delivered allowing for a thorough analysis on the 

bilateral integrative properties of L2/3 neurons (Fig 5.17).  

 

For both A and B selective neuron groups, responses to preferred unilateral stimuli 

were significantly suppressed by the presence of matched bilateral whisker stimulation 

(Fig 5.17a). This suppressive effect was far more prominent in Stim B cells (which 

were drastically reduced following Stim A input), and modest in Stim A cells (which 

were generally more robust to Stim B input interference). On preferred stimulus trials 

(100% unilateral input) mean Stim B responses were abolished by distractor input 

(unilateral ΔF/F 0.04 ± 0.02; bilateral ΔF/F 0.002 ± 0.03; P < 0.00001; Fig 5.17b top 

right). In comparison mean Stim A responses were slightly but significantly 

suppressed (unilateral ΔF/F 0.12 ± 0.08, bilateral ΔF/F 0.11 ± 0.08; P < 0.01; Fig 5.17b 

top left).  

 

As Stim A (contralateral) input presumably generates a larger neuropil signal relative 

to Stim B input, I performed analyses on traces without neuropil correction to check 

whether Stim B neuron suppression could be accounted for by unintentional over-

subtraction of neuropil from somatic ROIs. Significant response suppression was still 

present without correcting for neuropil contamination in Stim A neurons (No NP 

correction unilateral ΔF/F 0.17 ± 0.11, No NP correction bilateral ΔF/F 0.15 ± 0.11; P 

< 0.01; Fig 5.17b bottom left) and Stim B neurons (No NP correction unilateral ΔF/F 

0.06 ± 0.03, No NP correction bilateral ΔF/F 0.04 ± 0.04; P < 0.0001; Fig 5.17b bottom 

right).  Additionally, pixelwise analyses confirmed that both A and B selective neurons 

are suppressed on average by the presence of bilateral stimuli (cells appear blue  
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Figure 5.17  çBilateral input suppresses unilateral whisker responses 

(a) The responses of Stim A selective neurons (left) and B selective neurons (right) were measured 
across a range of unilateral and bilateral stimulation conditions shown in the 3 x 3 evoked-response 
matrix. Red and blue traces show the response to the preferred A / B unilateral (100% intensity) 
stimulus, and black shows the evoked response given matched bilateral input (simultaneous 100% input 
on both whisker sides). The vertical dashed lines indicate the stimulus onset (which lasted 500 ms). (b) 
Quantification of evoked responses on unilateral and bilateral trials for the traces shown in (a). Data in 
the bottom plot were extracted from traces that were not neuropil-subtracted. (c) Pixelwise maps 
showing the difference between unilateral and bilateral responses. The left column shows Stim A 
neurons, and the right column shows Stim B neurons. The bottom row shows the subset of neurons 
from the top row with suppression responses that passed statistical significance (MWU test, P < 0.05). 
(d) The bilateral-triggered response suppression for Stim B neurons (y-axis left plot) and Stim A neurons 
(y-axis right plot) is plotted against the unilateral response for the opposing neuron group. (e) The 
evoked unilateral response to the preferred stimulus (either A or B) for all neurons is plotted in green, 
binned by stimulus-selectivity (AUC) along the x-axis. The black line indicates the response measured 
on bilateral stimulation trials. (f) The absolute difference in unilateral and bilateral responses (green and 
black curves in (e)) is plotted across stimulus-selectivity. 
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(negative) in the images calculated by subtracted the mean unilateral ΔF/F response 

STA from the bilateral ΔF/F response STA). This effect was more  clearly visible when 

just considering the neurons showing a significant suppressed response based on 

trace-analysis. 

 

I next examined whether the unilateral response of one stimulus-selective neuron 

group predicted the bilateral suppression response of the other by comparing 

responses on preferred stimulus trials (unilateral 100% trials) and matched bilateral 

trials (100:100%). Indeed, the average bilateral suppression response of Stim B 

neurons significantly correlated with the amplitude of the unilateral response of Stim 

A neurons (r = -0.44, P < 0.01; Fig 5.17d left). The inverse effect of Stim B activity on 

Stim A suppression was not measured (r = 0.07, P > 0.05; Fig 5.17d right). Analysing 

the population response to preferred unilateral vs matched bilateral stimuli as a 

function of stimulus-selectivity (AUC) revealed a clear relationship between bilateral 

suppression and stimulus-tuning (Fig 5.17e). Response suppression was notably 

larger for neurons with low stimulus-selectivity scores compared with neurons with 

high scores, with no obvious evidence of bilateral summation across the L2/3 

population. 
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5.3. DISCUSSION 
 

5.3.1. RESULTS SUMMARY 
 

Mice were trained on a delayed-response discrimination task allowing temporal 

separation of sensation and action epochs. Stable task performance was acquired 

within 2-3 weeks of training and mice displayed sensitive discrimination performance 

across a large combinatorial range of bilateral discrimination trials. Two-photon 

imaging revealed a distribution of stimulus-selectivity in L2/3, with sparse subsets of 

spatially intermixed neurons significantly differentiating between contralateral and 

ipsilateral deflection intensity. Stimulus-selective neurons showing neurometric 

sensitivity comparable with psychometric performance, but no obvious psychophysical 

choice-correlate on threshold stimulus trials. However, decision-making under 

stimulus uncertainty appeared strongly influenced by reward history and response 

bias.  

Active whisking triggered time-locked activity across contralateral, ipsilateral and non-

selective neurons. Preparatory whisking and body movement ramped across the delay 

period, with distinct patterns across different perceptual outcomes likely to influence 

measured neural correlates of stimulus detection and choice. Inhibitory interactions 

dominated bilateral whisker stimulation conditions, with no clear evidence of bilateral 

summation in L2/3. Contralateral-tuned Stim A neurons appeared largely protected 

against bilateral suppression whilst responses in ipsilateral-tuned neurons were 

effectively cancelled by bilateral input.  

 

5.3.2. SPARSE SENSORY CODING IN L2/3 
 

The data presented in this chapter confirm many previous reports that sparse sensory-

evoked activity dominates L2/3 barrel cortex during whisker-guided behaviour 

(Crochet et al., 2011; O’Connor et al., 2010; Peron et al., 2015). The L2/3 population 

showed a distribution of stimulus-selectivity, with barrel cortex neurons at the top and 
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bottom of the distribution showing significant tuning for contralateral and ipsilateral 

whisker deflection intensity respectively, with large amplitude and reliable responses 

on preferred unilateral stimulus trials and an overall bias towards contralateral 

responses. The vast majority of neurons sampled showed no appreciable trial-evoked 

activity, consistent with a highly non-uniform distribution of stimulus responsiveness 

across the L2/3 network biased towards a small-fraction of highly-sensitive cells 

(Elstrott et al., 2014; O’Connor et al., 2010).  

Spatiotemporal sparse coding of sensory inputs is a characteristic feature of 

supragranular cortex (Olshausen and Field, 2004). As a general processing strategy, 

sparse codes, whereby a small fraction of the total neuronal population fire action 

potentials in response to sensory input, convey both computational and metabolic 

advantages for efficient neural processing (Attwell and Laughlin, 2001; Barlow, 1972; 

Field, 1994; Lennie, 2003). Evidence of implementation of sparse coding in neural 

systems is supported by a wealth of theoretical and experimental work from many 

cortical systems and species (Barth and Poulet, 2012).  

 

Excitatory and inhibitory dynamics thus play a fundamental role in shaping cortical 

activity dynamics (Harris and Mrsic-Flogel, 2013; Hofer et al., 2011). Indeed, previous 

reports have shown that recruitment of inhibitory microcircuits, either via feedforward 

(Bruno and Simons, 2002a; Helmstaedter et al., 2008; Swadlow, 2002) or lateral 

mechanisms (Adesnik and Scanziani, 2010; Sachdev et al., 2012) profoundly impact 

spatiotemporal suprathreshold activity (Feldmeyer et al., 2018a; Isaacson and 

Scanziani, 2011a; Wilent and Contreras, 2005).  

 

In cortex, a shift in coding strategy is seen across layers from relative dense population 

activity in L4, to strikingly sparse responses in L2/3 even during sensory-guided 

behaviour (de Kock et al., 2007; O’Connor et al., 2010; Sakata and Harris, 2009). This 

change in activity profile is presumed to support distinct functional and computational 

roles across cortical laminae (Adesnik and Naka, 2018; Douglas and Martin, 2004), 

with high-recurrent connectivity between L4 pyramidal neurons (Lefort et al., 2009) 

likely to contribute to amplification of thalamic inputs important for stimulus-guided 

behaviour (Lien and Scanziani, 2013).  
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Dense connectivity between L2/3 pyramidals and GABAergic interneurons likely 

enforce spatiotemporal sparseness that constrains excitatory responses (Avermann 

et al., 2012; Kapfer et al., 2007; Packer and Yuste, 2011). Indeed, fast-spiking 

inhibitory neurons show substantially higher baseline and stimulus-evoked firing rates 

compared with pyramidal neurons, and track thalamic whisker deflection input 

(Simons, 1978; Yu et al., 2019). Optogenetic suppression of PV interneurons 

consequentially improves perceptual detection of weak whisker stimuli 

(Sachidhanandam et al., 2016), implicating a direct relationship between the balance 

of excitation and inhibition in barrel cortex and whisker stimulus perception. 

Furthermore, it has been shown that bidirectionally modulating L2/3 pyramidal neuron 

activity influences sensory responses in L5, suggesting a role of L2/3 in modulating 

the gain of barrel cortex output (Quiquempoix et al., 2018). 

 

Due to dense connectivity between excitatory and inhibitory neurons in L2/3, 

experimental activation of pyramidal neurons in barrel cortex predominantly drives 

depolarisation and spiking in nearby inhibitory neurons (Avermann et al., 2012; Kapfer 

et al., 2007; Mateo et al., 2011). Despite potent local inhibition, preferential patterns of 

excitatory synaptic connectivity support functional neuronal subnetworks (Cossell et 

al., 2015; Ko et al., 2013; Lefort et al., 2009) which can enable reliable and robust 

sparse cortical stimulus representations. Neurometric sensitivity of stimulus-selective 

neurons closely matched psychometric performance, even when the decoding 

population size was reduced to 25% (~7 neurons), confirming that reliable stimulus 

detection and discrimination can be assigned to readout of even sparser subgroups of 

stimulus-selective cells. 

 

5.3.3. IPSILATERAL STIMULUS ENCODING IN BARREL CORTEX 
 

The presence of ipsilateral coding barrel cortex neurons has been demonstrated 

before, albeit not during behavioural task performance and often under anaesthesia, 

with ipsilateral responses showing weaker and slower onsets compared with 

contralateral responses (Reig and Silberberg, 2016; Shuler et al., 2001). In line with 

anatomical and functional mapping reports showing cross-callosal axonal projections 
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link somatosensory cortices (Aronoff et al., 2010; Petreanu et al., 2007; Yamashita et 

al., 2018), silencing the contralateral hemisphere pharmacologically abolishes the 

presence of ipsilateral whisker responses in barrel cortex (Pidoux and Verley, 1979; 

Reig and Silberberg, 2016; Shuler et al., 2001; Wiest et al., 2005), which may in part 

be mediated through subsequent decreases in contralateral thalamic sensitivity (Li 

and Ebner, 2006). This strongly implies that ipsilateral responses are mediated by 

cross-callosal inputs from the contralateral hemisphere, and their presence during 

bilateral discrimination behaviour intriguingly suggests unilateral processing of 

bilateral tactile input may play an important role in shaping perceptual decision-

making.   

 

5.3.4. DECISION SIGNALS IN L2/3 
 

Measuring decision-related spiking under weak or ambiguous threshold sensory 

stimulation offers a unique way to reveal neural correlates of sensory perception 

(Britten et al., 1996; Celebrini and Newsome, 1994; Nienborg et al., 2012; Parker and 

Newsome, 1998). Many investigations have subsequently identified choice predictive 

signals in cortex during complex discrimination tasks where subjects are required to 

categorise noisy sensory stimuli according to the presence of a particular stimulus 

signal. Such decision-related activity are generally found in distributed networks of 

higher-order sensory areas and frontal circuits implicated in decision-making 

(Steinmetz et al., 2019). 

 

Consequentially, barrel cortex neurons tend to show stimulus-specific responses, that 

do not reliably predict choice (or lick direction), with activity shown to be critical during 

sensory presentation, but not subsequent delay/decision-formation epochs (Guo et 

al., 2014a). In contrast, motor areas such as ALM show robust ramping activity and 

dynamics that causally relate to formation, maintenance and execution of lick direction 

motor plans (Finkelstein et al., 2021; Li et al., 2015; Mayrhofer et al., 2019).  

 

However, L2/3 excitatory and inhibitory neurons both show differential activity patterns 

that can predict subsequent perceptual ‘yes/no’ detection of single-whisker deflection 
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stimuli (Sachidhanandam et al., 2013, 2016). Accordingly, excitatory responses tend 

to be higher, and inhibitory responses lower, preceding hit trials. Detection-related 

activity is absent at the subcortical level, and appears to emerge specifically at the 

cortical level through recurrent interactions between primary and secondary 

somatosensory cortices (Kwon et al., 2016; Yang et al., 2015). 

Motion trajectories are tightly coupled with temporal dynamics of cognitive and 

psychophysical processes during spontaneous and task-conditioned behaviours 

(Freeman et al., 2011; Hehman et al., 2015; Musall et al., 2019; Stringer et al., 2019b), 

and increasing efforts are being made to quantify movements and relate them back to 

single-trial neural dynamics (Mathis et al., 2018; Musall et al., 2019; Weissenberger et 

al., 2019). This is inherently important for studies of barrel cortex due to the 

fundamentally coupling between sensory and motor whisker systems (Ayaz et al., 

2019; Brecht et al., 2006; Crochet and Petersen, 2006; Matyas et al., 2010).  

Indeed, separating action from choice is conceptually and practically challenging using 

motor readouts of behaviour as a proxy for perceptual experience, and my results 

demonstrate the utility of behavioural videography for interpreting activity patterns 

during task performance. Whilst previous studies have controlled for whisker 

movements by transecting the facial nerve that innervates the whisker pad 

(Sachidhanandam et al., 2013), general body movements also reliably predict hit vs 

miss trials, suggesting neural correlates of whisker deflection detection should be 

interpreted with caution. 

 

5.3.5. INTERHEMISPHERIC INHIBITION 
 

The observation of interhemispheric bilateral suppression in barrel cortex provides a 

functional correlate that helps interpret the results from optogenetic biasing 

experiments. These experiments demonstrated that weak unilateral photoactivation of 

one hemisphere increases behavioural reaction times for the preferred stimulus of the 

non-stimulated hemisphere, whilst also decreasing reaction times for the preferred 

stimulus of the activated hemisphere. Likewise, unilateral photoinhibition had the 

inverse effect, delaying reaction times for the stimulated hemisphere and decreasing 
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reaction times for the non-stimulated hemisphere. This implies that modulating barrel 

cortex activity has an opposite modulatory effect on contralateral barrel cortex. 

Interhemispheric inhibition across left and right barrel cortices may also explain why 

mice show remarkable perceptual sensitivity to small temporal offsets in bilateral 

whisker stimulation intervals despite not being explicitly trained, or implicitly motivated, 

to discriminate temporal intervals, as the temporally leading whisker suppresses the 

neuronal, and subsequently perceptual, impact of the late arriving bilateral distractor 

(Shuler et al., 2001). 

 

In contrast with previous reports of both facilitative and suppressive bilateral 

integration (Wiest et al., 2005) I found evidence showing only inhibitory interactions. 

This may be due to the fact that previous efforts have used anaesthetised 

preparations, whereas I have a task that that may condition direct interhemispheric 

competition as part of a winner-takes-all decision-strategy. Suppressive interactions 

between contralateral and ipsilateral encoding neurons may also explain why 

neurometric decoding performance for both neuron groups was worse on bilateral 

trials compared with psychometric mouse performance.  

 

Ipsilateral coding neurons showed stronger suppression than contralateral coding 

neurons, in line with previous demonstrations showing that principle whisker 

responsive cells are largely protect from surround suppression evoked by adjacent 

whisker stimulation (Brumberg et al., 1996). This mechanism may play a role in 

increasing stimulus detection and discriminability by enhancing the stimulus selectivity 

within a barrel column to the principle whisker stimulation (Brumberg et al., 1996; 

Wilent and Contreras, 2005).  
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5.3.6. CONCLUSION 
 

In this chapter I introduce a modified task version that enables temporal separation 

from stimulus presentation and action epochs during calcium imaging experiments. 

Mice learn this task reliably across 2 weeks of training, which is roughly twice the 

training duration required for the single-whisker non-delay task version. Similar to 

previous reports, neurons in barrel cortex showed evoked responses that 

monotonically increased with contralateral deflection intensity (Pinto et al., 2000; 

Simons, 1978; Stüttgen and Schwarz, 2010). However, the demonstration of 

neurometric ipsilateral coding neurons during awake behaviour is a novel and 

interesting result. 

Despite showing two subgroups signalling both contralateral and ipsilateral stimulus 

input, L2/3 activity did not predict behavioural choice (or lick direction) on threshold 

trials. The notable absence of a choice signal can be explained when considering 

multiple facets related to the behavioural performance itself. First and foremost, 

decision-making under uncertainty was strongly influenced by non-sensory factors 

including reward history and lickport bias. Secondly, non-specific evoked whisking 

activity could easily swamp a weak and transient choice signal that may arise early 

during stimulus presentation (Petersen et al., 2002).  

Alternatively, barrel cortex could simply relay sensory information downstream, and 

therefore not significantly contribute to decision-formation itself. The presence of 

strong interhemispheric suppression, and results from bidirectional optogenetic 

biasing experiments, suggest significant interactions between hemispheres are 

fundamentally implicated in bilateral sensorimotor discrimination. These results add to 

a growing body of research challenging the classical and conventional view that 

whisker information processing is segregated in barrel cortex.  
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6. TARGETED PHOTOSTIMULATION OF L2/3 ENSEMBLES DURING 
BEHAVIOUR 

 

6.1. INTRODUCTION 
 

Probing the neurophysiological correlates of sensory perception requires careful 

measurement and manipulation of neural circuit activity in awake behaving subjects 

(Jacobs et al., 2009; Panzeri et al., 2017; Parker and Newsome, 1998; Stanley, 2013). 

However, designing and delivering biomimetic manipulations to test theories of neural 

coding is both conceptually and technically challenging as sensorimotor behaviours 

drive functionally and genetically diverse cell-types distributed across a network of 

cortical and subcortical structures (Crochet et al., 2019; Gilad et al., 2018; Guo et al., 

2014a; Hernández et al., 2010; Steinmetz et al., 2019).  

Classically, perturbational strategies in experimental neuroscience have been limited 

to coarse and non-specific techniques including sensory deprivation, lesioning, 

pharmacological manipulation and electrophysiological microstimulation (Andrade 

and Nicoll, 1987; Fox, 1992; Franz and Lashley, 1917; Histed et al., 2009; Rema and 

Ebner, 2003; Romo et al., 1998). These approaches preclude a rigourous cell-type 

specific analysis of function which is essential for a principled understanding of neural 

circuit computation (O’Connor et al., 2009). Accordingly, optogenetics has 

revolutionised the field by enabling rapid and reversible control over spiking in defined 

neural populations with millisecond resolution (Boyden et al., 2005; Häusser, 2014; 

Scanziani and Häusser, 2009; Yizhar et al., 2011a). Optogenetic strategies enable 

precise in vivo connection mapping, analysis of functionally defined excitatory and 

inhibitory signalling pathways and crucially, cell-type specific gain and loss-of-function 

tests to test causal dependencies between neural activity and behavioural processes 

(Huber et al., 2008; Madisen et al., 2012; Marom et al., 2009; O’Connor et al., 2009; 

Petreanu et al., 2007). 

However, whilst conventional one-photon optogenetic illumination strategies are 

highly advantageous for testing the functional roles of different brain regions (Guo et 
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al., 2014a; Sachidhanandam et al., 2013; Zatka-Haas et al., 2019), projection 

pathways (Sun et al., 2021; Tecuapetla et al., 2016), cortical layers (Lien and 

Scanziani, 2013; O’Connor et al., 2010; Quiquempoix et al., 2018), and 

genetically/anatomically defined cell-types (Lee et al., 2012; Packer et al., 2013), they 

do not provide the requisite spatial resolution to flexible probe finescale functional 

cortical organisation with single-trial resolution (Peron and Svoboda, 2011).  

Excitatory microcircuits in primary sensory cortices are largely comprised of 

genetically identical but functionally heterogenous subnetworks of pyramidal neurons 

(Harris and Mrsic-Flogel, 2013; Ko et al., 2011, 2013; Lefort et al., 2009), that show 

selective tuning for defined stimulus features (Andermann and Moore, 2006; Clancy 

et al., 2015; Hubel and Wiesel, 1963; Martini et al., 2017; Ohki et al., 2005). This 

enables sparse, efficient and reliable cortical coding of sensory stimuli, with only a 

small proportion of the total neuronal population recruited into sensory-driven spiking 

ensembles at any one time (Attwell and Laughlin, 2001; Barlow, 1972; O’Connor et 

al., 2010; Wolfe et al., 2010). However, much remains unknown concerning how 

information is represented in, and subsequently decoded from, populations of spiking 

sensory neurons to drive cognitive function (Bialek et al., 1991; Ferster and Spruston, 

1995; Jacobs et al., 2009; Johnson, 2000; Panzeri et al., 2017; Parker and Newsome, 

1998). 

To crack the neural code for sensory perception, we need to combine controlled 

psychophysical behaviour with methodology that allows precise spatiotemporal control 

over neural spiking in sensory cortex (Panzeri et al., 2017). Whilst some functional 

specificity can be achieved by coupling optogenetic tagging to c-fos expression (Liu et 

al., 2012), or by performing cellular-resolution ablation (Antinucci et al., 2019; Peron 

et al., 2020), these methods lack the flexibility required to probe complex trial-to-trial 

dynamics (Musall et al., 2019; Stringer et al., 2019a). Without explicitly targeting small 

numbers of neurons for opsin expression (Judkewitz et al., 2009) it is difficult to 

characterise the precise number of photoactivated neurons and elicited spikes using 

widefield optogenetics (but see: Huber et al., 2008). Furthermore, bulk stimulation 

drives highly synchronous, non-discriminant and non-physiological activity patterns 

across large swathes of cortex, and can have lasting impacts on network activity which 
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are impossible to characterise without a simultaneous readout of activity (Anikeeva et 

al., 2011; Häusser, 2014; Li et al., 2019; Royer et al., 2010). Such characterisation is 

fundamental to interpreting the specificity of optogenetic perturbation on neural 

activity, both in the directly stimulated cells and in the downstream network and 

subsequently, behaviour (Otchy et al., 2015; Wolff and Ölveczky, 2018). 

To resolve these concerns, recent efforts have sought to integrate spatially precise 

two-photon optogenetic technology with population imaging methods to enable cellular 

resolution optical control and readout of neural circuit activity (Emiliani et al., 2015; 

Mardinly et al., 2018; Nikolenko et al., 2007; Packer et al., 2015; Rickgauer et al., 

2014). These methods have benefited greatly from the application of beam-splitting 

optical devices like spatial-light modulators (SLMs) for precise spatial sculpting of two-

photon excitation in neural tissue (Bovetti and Fellin, 2015; Nikolenko et al., 2013; 

Packer et al., 2013). All-optical strategies therefore enable simultaneous recording 

and activity-guided optogenetic targeting of large groups of neurons co-labelled with 

an ultrasensitive calcium sensor and an optogenetic actuator, with single-cell, and 

single-action-potential resolution (Chen et al., 2013c; Emiliani et al., 2015; Packer et 

al., 2015; Prakash et al., 2012). Despite being a method in its relative infancy, a range 

of all-optical studies have already provided unique insights into neocortical dynamics 

during sensory processing and behaviour (Carrillo-Reid et al., 2016, 2019; Chettih and 

Harvey, 2019; Daie et al., 2021; Dalgleish et al., 2020; Gill et al., 2020; Jennings et 

al., 2019; Marshel et al., 2019; Robinson et al., 2020; Russell et al., 2019). These 

efforts have helped redefine perturbational neuroscience, allowing direct causal tests 

of neural coding hypotheses in awake behaving mice.  

In this chapter, I present results from targeted photostimulation experiments designed 

to test the causal contribution of functionally-defined L2/3 ensembles to sensory-

guided decision making. I used an SLM-based holographic approach to selectively 

photostimulate small sets of whisker-tuned L2/3 neurons and used psychophysical 

behavioural readout to infer optogenetic-modulation of perception and simultaneous 

two-photon calcium imaging to characterise photostimulation impact on L2/3 

dynamics. Using cellular-resolution optical control of L2/3 population activity I 
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demonstrate that a gradient of optogenetic activation across a very narrow range of 

targeted neurons significantly modulates perceptual discrimination.  

I confirm that this effect is sensory specific by demonstrating that the directional 

photostimulation-evoked lick-bias switches according to the conditioned stimulus-

response mapping. Surprisingly, photostimulation-evoked bias was not-specific to the 

stimulus-tuning of targeted neurons but correlated with the overall number of 

prominently non-stimulus coding photostimulated targets consistent with a lateralised 

hemispheric bias towards contralateral sensory input. These results add to a 

converging body of evidence suggesting that a population spike-count encodes 

whisker input, and that exquisite perceptual sensitivity to sparse cortical activity in L2/3 

barrel cortex supports robust perceptual discrimination. 
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6.2. RESULTS 
 

6.2.1. ALL-OPTICAL EXPERIMENTAL STRATEGY 
 

During performance of the delayed-response bilateral discrimination task, two-photon 

imaging revealed a distribution of stimulus-selectivity across the L2/3 barrel cortex 

population (chapter 5). Neurons with high-selectivity scores showed preferential 

activity on Stim A (contralateral whisker) trials, whilst neurons with low-selectivity 

scores showed preferential responses on Stim B (ipsilateral whisker) trials. Both sets 

of stimulus-selective neurons showed evoked fluorescence responses that were time-

locked to stimulus onset, and that monotonically increased with increasing deflection 

intensity of the preferred A or B stimulus. Whilst neither stimulus group showed activity 

predictive of choice, or lick-direction, on threshold trials (TS), both groups showed 

neurometric sensitivity that closely matched the psychometric behaviour, implying that 

these neurons may directly contribute to the perceived intensity of whisker stimulation. 

To directly test this hypothesis, I performed targeted two-photon optogenetic 

experiments using SLM-based holographic photostimulation to selectively activate 

small subsets (30 photostimulation targets) of stimulus-tuned L2/3 neurons (Fig 6.1). 

Using functional characterisation from the baseline imaging session (chapter 5), 

neurons were assigned an AUC score according to how well they discriminated A from 

B whisker trials. All neurons in the field of view (FOV) had been previous screened for 

their response to two-photon photostimulation in an earlier response mapping session 

(Methods). Accordingly, only photostimulation-responsive neurons in the FOV (0.49 ± 

0.08 of the total tested population) were considered as potential target neurons during 

the design of the stimulation target groups.  

Two photostimulation target groups (30 neurons in each target group) were selected 

in each FOV from the top and bottom tails of the stimulus-selectivity distribution of 

photostimulation-responsive neurons. The bottom 30 neurons thus became Target 

Group B (selective for B (ipsi) whisker trials), and the top 30 neurons were designated 

as Target Group A (selective for (contra) whisker trials (Fig 6.1c). The mean Group A 

selectivity score was 0.7 ± 0.07 AUC, and the mean Group B selectivity score was 0.3 
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± 0.06 AUC, the difference between group selectivity was highly significant by design 

(Fig 6.1d; P < 0.00001) to maximise the task-relevance difference between target 

groups. 

  

Figure 6.1  ç Targeting neurons for photostimulation based on functional identity 

(a) Distribution of stimulus-selectivity across all neurons in an example FOV. Neurons were assigned 
an AUC score according to how well they discriminated between Stim A (contra) and B (ipsi) whisker 
trials. (b) Photostimulation traces for neurons in the experiment shown in (a).  All cells in the FOV were 
screened for their response to photostimulation (PS). Top (black traces) shows mean traces for 
neurons identified as PS responsive (128 neurons), bottom (grey) shows traces for neurons identified 
as PS non-responsive (106 neurons). Each trace corresponds to a single neuron, the mean is shown 
in white. The inset shows the mean fraction of cells  in the FOV responsive to photostimulation across 
all experiments. (c) Distribution of stimulus-selectivity across PS responsive neurons in the FOV. Only 
PS responsive cells were considered for target selection. For each experiment, the top and bottom 30 
neurons in this distribution were selected as photostimulation Group A and B targets respectively. (d) 
Average target group selectivity across all experiments (n = 52 experiments). (e) Conceptual design 
of targeted photostimulation (PS) experiments during behaviour. Two groups of 30 neurons were 
selected for holographic photostimulation based on their whisker stimulus selectivity (AUC). One group 
of targets (red) were selective for Stim A whisker trials, with the other group (B) selective for Stim B 
trials. The experiment was designed to test whether targeted photostimulation biases choice behaviour 
on threshold stimulus (TS) trials. (f) Overview of the trial-types delivered during the experiment. (g) 
Photostimulation was delivered simultaneously with TS input. Photostimulation rate matched the 
duration and frequency of vibrotactile whisker deflection (500 ms, 10 repetitions, 20 Hz). Imaging 
responses were analysed in the period following stimulus offset, but before the go cue (green bar, 500 
– 1000 ms from stimulus onset). 
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Targeted photostimulation was paired with the psychophysical threshold stimulus 

(TS), which was estimated using the method of constant stimuli (Binder, 2009) for 

each mouse in each experiment based on sigmoidal to fit to the discrimination 

performance in the imaging characterisation session (Fig 6.1e). This allowed me to 

assess whether boosting activity in either stimulus-tuned target group resulted in a 

perceptual choice bias. The total complement of trials delivered in the photostimulation 

experiment included a large fraction of unilateral sensory trials (to sustain task 

engagement and performance), non-photostimulated control TS trials, 

photostimulated TS trials (TS+PS Group A and TS+PS Group B), photostimulation 

trials alone (PS Group A and PS Group B) and catch trials (Fig 6.1f).  

On TS+PS trials photostimulation was delivered simultaneously with TS input at a 

matched stimulation rate of 20 Hz and duration of 500 ms (Fig 6.1g). Photostimulation 

was performed using a femto-second pulsed laser at 1030 nm (Satsuma, Amplitude 

Systemes, 2 MHz repetition rate, average output 20 W, pulse width 280 fs) with a 

galvanometer spiral-scanning strategy (3 rotations, 15 um diameter, 20 ms duration) 

to illuminate somata. Two phasemasks were generated using the Gerchberg-Saxton 

algorithm and displayed on the SLM surface to target photostimulation beamlets to the 

30 corresponding xy pixel locations in the imaging FOV based on the target neuron 

ROIs centre of mass (CoM). SLM phasemasks were cued in a pre-set trial sequence 

and updated using triggers sent from PackIO (Methods). 

 

6.2.2. CHARACTERISING PHOTOSTIMULATION RESPONSES IN TARGET AND NETWORK 
NEURONS 

 

Neurons in the FOV were re-categorised post-hoc into target and network neurons 

according to their proximity to a photostimulation target site. Based on functional 

photostimulation calibration measurements (Fig 2.6e) neurons within 20 um of a 

photostimulation target site were considered to receive direct photostimulation input. 

Neurons outside this photostimulation ‘zone’ do not show photostimulation evoked 

transients, and therefore are not likely to receive direct photostimulation input and can 

be analysed as putative network ‘followers. On average 16 ± 3% of neurons in the 
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FOV were classed as target neurons (calculated individually for A and B SLM-target 

patterns) and the remaining 84 ± 3% of neurons were classed as non-target network 

cells. 

Following targeted photostimulation events, neurons in target zones showed reliable 

photostimulation-triggered fluorescence responses, whilst neurons in network zones 

tended to show slightly negative follower responses (Fig 6.2). Photostimulation-

evoked response amplitude sharply decreased as a function of distance from spiral 

centre. Accordingly, the largest responses were measured at 0 um distance (i.e., 

perfect spiral-soma location correspondence), with no positive responses occurring on 

average at distances > 20 um (i.e., in network zones). These stimulation resolution 

curves are notably sharper compared with analogous measurements made using non-

soma restricted C1V1 (Packer et al., 2015; Yang et al., 2018). This intentionally 

designed improvement in resolution is likely due to reduced trafficking of opsin 

molecules into axonal and dendritic processes, thus reducing off-target stimulation 

probability (Baker et al., 2016). 
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Significant photostimulation-triggered active (or suppressed) neurons were identified 

by comparing evoked responses after stimulation offset (average ΔF/F 500 – 1000 ms 

from stimulus onset) on photostimulation trials and non-photostimulation trials. 

Accordingly, on TS+PS trials, evoked responses were compared to TS trials, and 

responses on PS alone trials were compared to catch trials. Significant responses 

were identified using a Mann-Whitney U test (P < 0.05 threshold). Identified active (or 

suppressed) photostimulation responses in targets and network neurons showed clear 

stimulus locked fluorescence transients that increased (Fig 6.3 red traces) for 

activated neurons and decreased (Fig 6.3 blue trace) for suppressed neurons. 

Analysis of the network response to photostimulation is presented in further detail in 

chapter 7. 

Figure 6.2  ç Defining target and network neurons 

(a) Example FOV pixelwise response map showing the photostimulation response for a single SLM-target 
neuron group. The smaller circles indicated the locations and size of photostimulation spirals in the FOV, the 
larger dashed circles indicate target ‘zones’, defined by functional stimulation resolution calibration. Neurons 
outside target zones (‘network’ cells), are unlikely to receive direct photostimulation. (b) Same FOV/target 
pattern as (a) but shown as an ROI contour plot. ROIs are segmented by Suite2p and coloured according to 
mean extracted fluorescence response. Data in (a) and (b) show the difference between photostimulation and 
catch (non-photostimulation) trials. (c) Top: average photostimulation responses extracted from Suite2p 
traces for all ROIs in the example FOV shown plotted against distance to nearest photostimulation target site. 
Each cyan data point represents a single neuron (n = 246 neurons). Bottom: Average photostimulation vs 
distance to target site responses (binned along the x-axis) for all experiments (cyan). The response on catch 
trials is shown in dark grey (n = 52, 2 target-groups per experiment). The horizontal dashed line at 20 um 
shows the target zone perimeter. The inset shows the average proportion of target and network cells across 
all experiments. 
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Figure 6.3  çQuantification of photostimulation-triggered activity in target and network neurons 

(a) Neurons within 20 um from a photostimulation target-site were considered target neurons based 
on functional calibration of targeted photostimulation resolution. The left column (a-c) shows TS+PS 
trial responses, and the right column shows PS alone responses. The traces show the average activity 
of neurons classified as active (red) or suppressed (blue) by photostimulation. (b) Average fraction of 
neurons in target zones activated or suppressed by photostimulation. Photostimulation predominately 
activates neurons in target zones. (c) Same as (b) but showing the number of activated or suppressed 
neurons. (d) Neurons outside of target zones (> 20 um from spiral centre) were classed as network 
neurons. The left column (d-f) shows the network response to photostimulation on TS+PS trials, and 
the right column shows the network response on PS alone trials. Activated network ‘followers’ showed 
weaker evoked increases in fluorescence, and suppressed followers showed stimulus-locked 
decreases in fluorescence. (e) Average fraction of network neurons activated (red) or suppressed 
(blue) following photostimulation. Photostimulation predominantly recruits a larger proportion of 
suppressed followers. (f) Same as (e) but showing the absolute number of network followers 
significantly modulated. Note that the data in this figure are pooled across target group A and B. 
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 To corroborate trace-based analyses of photostimulation responses, pixelwise 

stimulus-triggered average (STA) were generated to confirm extracted signals 

corresponded to localised changes in somatic fluorescence. Pixelwise maps triggered 

on photostimulation trials confirmed localise somatic increases specifically in the 

target spiral positions in the FOV for each SLM-target group (Fig 6.4a). Accordingly, 

on PS Group A trials, only SLM pattern A target site locations showed localised 

somatic fluorescence activity. Likewise on PS Group B trials, only SLM pattern B target 

site locations showed activity. This confirms that SLM-targeted photostimulation 

selectively activates neurons in the intended target locations, whilst the non-stimulate 

target group remain silent (Fig 6.4b). This analysis was confirmed using extracted 

Suite2p traces, with target neurons showing selective activity on the designated SLM-

target trial-type (Fig 6.4c).  

To validate the trace-based detection of photostimulation activated target neurons, 

pixelwise STA maps were made specifically for neurons designated as PS-activated 

(Fig 6.4f). Targets identified as PS-activated showed localised somatic fluorescence 

increases, and neurons in target zones that were not identified as activated 

(presumably towards to 20 ums zonal boundary) did not show somatic changes. This 

confirms that trace-based detection of active photostimulation responses appears to 

correspond with somatic changes in fluorescence.  
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Figure 6.4  çTargeted photostimulation of L2/3 ensembles during behaviour 

(a) Pixelwise photostimulation (PS) STA response maps from an example behavioural 
photostimulation experiment (FOV 470 x 470 μm). The data are from PS alone trials. Left image shows 
Group A stimulation, middle image shows Group B image, and the right image shows the difference 
between A and B maps (Group A – Group B). Neurons (pixels) appearing red in the difference image 
have larger responses on PS Group A trials, and neurons appearing blue have larger responses on 
PS Group B stimulation trials. The black crosses show the locations of target spiral sites. (b) Average 
pixelwise PS response centred on PS spiral sites for Group A (top row) and B (bottom row) SLM 
patterns, on Group A stimulation trials (left column), B stimulation trials (middle column) and the 
difference between A and B trials (right column). (c) Average evoked fluorescence responses in 
activated Group A (red trace) and B target neurons (blue trace) on Group A (left) and B (right) 
stimulation trials across all experiments. The orange bar indicates the stimulation duration, and the 
vertical dashed line shows the go cue. (d) Average number of activated photostimulation targets. Bars 
show the mean, and grey circles show individual experiments. (e) Average number of non-activated 
neurons within PS target zones (based on a 20 um distance from PS target sites). (f) Pixelwise STA 
response for neurons detected as photostimulation activated. Layout is the same as (b). (g) Pixelwise 
STA response for neurons in target zones that do not respond to photostimulation. Layout is the same 
as (b). 
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6.2.3. COMPARING TARGET AND NETWORK ACTIVITY 
 

Selective targeted photostimulation activated similar numbers of designated Group A 

and B target neurons, however photostimulation-evoked responses were notable 

reduced when paired with sensory input (TS+PS Group A number of active targets 

20.1 ± 6.9; PS Group A number of active targets 25 ± 6.6; P < 0.00001; TS+PS Group 

B number of active targets 20.1 ± 6.6; PS Group B number of active targets 25.1 ± 6; 

P < 0.00001). This difference is clearly visible in the extracted average fluorescence 

traces in Fig 6.3a, with the average evoked response (shown for the same target 

neurons) significantly greater in the absence of paired sensory input (TS+PS Group A 

response  0.16 ± 0.08 ΔF/F; PS Group A response 0.23 ± 0.07 ΔF/F; P < 0.00001; 

TS+PS Group B response 0.12 ± 0.06; PS Group B number of active targets 0.23 ± 

0.08; P < 0.00001). 

On TS+PS trials, both Group A and B stimulation patterns recruited similar proportions 

of active followers in the non-targeted network (TS+PS Group A active followers 0.06 

± 0.03; TS+PS Group B active followers 0.06 ± 0.03; P > 0.05). It should be noted that 

these proportions are not different from chance, as followers were detected using a 

statistical threshold with a p-value of 0.05. In contrast, both target groups recruited a 

larger proportion of suppressed network followers (TS+PS Group A suppressed 

followers 0.1 ± 0.04; TS+PS Group B suppressed followers 0.12 ± 0.06; P > 0.05), 

with photostimulation therefore having a dominant suppressive effect on the network. 

On PS alone trials, both target groups recruited similar levels of active and suppressed 

followers, but in line with stronger target activation in the absence of sensory input, 

both the excitatory (PS Group A active followers 0.09 ± 0.03; PS Group B active 

followers 0.09 ± 0.03; P > 0.05) and inhibitory (PS Group A suppressed followers 0.12 

± 0.06; PS Group B suppressed followers 0.11 ± 0.05; P > 0.05) network responses 

to photostimulation were slightly greater on PS alone trials. 

The number of activated photostimulation targets strongly correlated with the number 

of active followers for both target groups on TS+PS trials (TS+PS Group A targets vs 

active followers r = 0.57, P < 0.00001; TS+PS Group B targets vs active followers r = 

0.58, P < 0.00001) and PS alone trials (PS Group A targets vs active followers r = 



 187 

0.48, P < 0.001; PS Group B targets vs active followers r = 0.35, P < 0.05). Target 

activation had a weaker correlation with the number of suppressed followers on 

TS+PS trials (TS+PS Group A targets vs suppressed followers r = 0.24, P = 0.09; 

TS+PS Group B targets vs active followers r = 0.32, P < 0.05) and PS alone trials (PS 

Group A targets vs suppressed followers r = 0.43, P < 0.01; PS Group B targets vs 

active followers r = 0.37, P < 0.01). 

 

To assess functional recruitment of followers, I assessed whether stimulation of 

stimulus-selective target neurons preferentially modulated stimulus-selective network 

followers. Network activation did not appear functionally coupled to targeted 

stimulation, with the average selectivity tuning of active followers showing no obvious 

dependence on the identity of the targeted neurons on trials on TS+PS or on PS alone 

trials (Fig 6.5a-d). Likewise, network suppression also did not appear to show 

Figure 6.5  çTargeted photostimulation does not recruit stimulus-selective network followers 

(a) The group stimulus-selectivity of significantly activated network followers on TS+PS Group A trials 
is plotted against the stimulus-selectivity of the photostimulation targeted neuronal ensemble. Each 
point represents data from a single experiment. (b) Same as (a) but showing follower selectivity on 
TS+PS Group B stimulation trials. (c) Data from (a) and (b) on the same axes (2 grey points per 
experiment are plotted). (d) The same analysis in (a-c) was performed on photostimulation only trials. 
Significantly active network follower selectivity on PS alone trials is plotted against target group 
selectivity. (e-h) Shows the same analyses as (a-d), but for significantly suppressed network followers. 
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functional coupling to the target ensembles (Fig 6.5e-f). Further analyses of the target 

and network response to photostimulation is presented in chapter 7. 

 

6.2.4. TASK PERFORMANCE DURING TARGET PHOTOSTIMULATION EXPERIMENTS\ 
 

During the photostimulation experiment, mice performed with high accuracy on 

unilateral A and B whisker trials (Fig 6.6a), and near chance on TS trials with a small 

average Choice A bias (TS P(Choice A) = 0.56 ± 0.2; tested difference from 0.5, P < 

0.05). Miss rate on TS trials was significantly greater than on unilateral whisker trials 

(Fig 6.6b; TS P(Miss) = 0.31 ± 0.17; Unilateral P(Miss) = 0.14 ± 0.1. P < 0.00001). 

Average reaction times on TS trials (measured from the go cue, which was 1400 ms 

following stimulus onset) were significantly longer than on unilateral trials (Fig 6.6c; 

TS RT  = 422.1 ± 89.1 ms; Unilateral RT  = 349.7 ± 49.8 ms. P < 0.00001). The same 

results were obtained using videography based analysis of reaction time (Fig 6.6d).  

To assess if targeted photostimulation induced changes in task performance, I 

compared average discrimination performance (P(Choice A)), miss rate, and reaction 

time across photostimulated and non-photostimulated conditions (Fig 6.6). 

Comparisons were made across an average of 22.8 ± 10.5 TS+PS Group A trials, 

23.4 ± 10.8 TS+PS Group B trials, and 45.7 ± 21.7 TS trials (mean ± std) in 52 

experiments in 13 mice. Photostimulation of Group A or B target neurons had no 

average effect on choice (Fig 6.6a), miss rate (Fig 6.6b) or reaction time (Fig 6.6c) 

behaviour, on TS+PS or PS alone trials. To explore the possibility that 

photostimulation triggered early licking (i.e., before the motorised lickports have fully 

extended into position) I performed reaction time analysis using videography detection 

of licking. This also confirmed no average effect of targeted photostimulation on 

reaction time (Fig 6.6d).  

My previous one-photon optogenetic experiments showed that unilateral activation of 

barrel cortex leads to an equal but opposite bias on reaction time, with reaction times 

for the preferred stimulus of the stimulated hemisphere being significantly decreased 

(made faster), whilst reaction times for the non-preffered stimulus (i.e., the stimulus 
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preferred by the contralateral non-stimulated hemisphere) are significantly increased 

(made slower). However, this effect was not present under two-photon 

photostimulation conditions, with no significant modulation of either Choice A or B 

response times (Fig 6.6e), or Lickport A or B response times on TS trials (Fig 6.6f) 

across TS+PS Group A or TS+PS Group B trials. 

 

 

Figure 6.6  ç Photostimulation does not cause behavioural changes on average 

(a) Average discrimination performance (‘P(Choice A)’) across all trial-types delivered during the 
stimulation experiment. Trial-types are grouped into three sets: sensory trials (left three bars), 
sensory + photostimulation trials (middle three bars) and photostimulation alone (right three bars). 
Not that TS trials are shown twice as part sensory trial set and the sensory + photostimulation trial 
set. The trial conditions with two-photon photostimulation are indicated with yellow lightning bolts. 
Red and blue bars denote the subcategories of each trial-type with regards to ‘A’ and ‘B’ trials. (b) 
Average session miss rate ‘P(Miss)’ across trial-types. (c) Average session reaction time (relative 
to the go cue) across trial-types, using the lickport signal. Reaction times here are shown as the 
average across both Choice A and B responses. (d) Average reaction time assessed with 
videography-based analysis of licking. Videography reaction time analysis does not differentiate 
between Choice A or B responses. (e) The average change in reaction time across photostimulated 
and non-photostimulate trials for Choice A (red bars) and Choice B (blue bars) responses are 
shown separately. The data were tested for significant differences from 0, and between A and B 
responses. (f) Same as (e) but split for Lickport A and Lickport B trials.  
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6.2.5. TARGET NEURON STIMULUS-SELECTIVITY DOES NOT PREDICT PHOTOSTIMULATION 
BIAS 

 

Next, to examine the possibility that variability in the stimulus-selectivity of 

photostimulated neurons across experiments predicts choice bias I compared the 

relative change in choice performance on photostimulated and non-photostimulated 

trials (ΔP(Choice A)) with target group tuning. For this analysis, I recalculated target 

group stimulus-selectivity based on the full complement of A and B trials (collapsed 

across both baseline and photostimulation experiment stages). Average target group 

stimulus-selectivity did not correlate with choice bias on TS+PS trials (Fig 6.7a left; r 

= 0.05, P > 0.05), and pooled group stimulus-selectivity (calculated by summing the 

aggregate trial-evoked response within target group neurons before calculating the 

stimulus-selectivity score) also did not predict choice bias (Fig 6.7a right; group 

stimulus-selectivity r = 0.03, P > 0.05). 

Figure 6.7  ç Average functional identity of target groups does not predict choice bias 

(a) Choice bias on TS+PS trials is shown plotted against the mean target group stimulus-
selectivity. Red points show TS+PS Group A stimulation trials, and blue points show TS+PS 
Group B stimulation trials. (b) Choice bias is plotted against pooled target group stimulus-
selectivity. (c) Choice bias is plotted against mean group choice probability (CP). (d) Choice 
bias is plotted against pooled group CP.  
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Follow up analyses assessed whether target group neurometric sensitivity predicted 

changes in behaviour on TS+PS trials. As before (Fig 5.9), neurometric curves were 

generated for both target group ensembles using ROC analysis to determine the 

optimal ΔF/F discrimination threshold on whisker Stim A vs B trials and then testing 

stimulus decoding performance across the full range of unilateral and bilateral 

discrimination trials delivered in the imaging characterisation session (Fig 6.8a). 

Neurometric sensitivity was assessed by the slope of a linear fit to the neurometric 

data, with each target group showing selective sensitivity for the intended preferred 

whisker stimulus. Neurometric sensitivity for Stim A or B did not correlate with 

photostimulation-evoked choice bias (Fig 6.8c,d), or predict chances in Choice A or B 

reaction times (Fig 6.8e-h). 

 

Figure 6.8  ç Neurometric sensitivity of target groups does not predict choice bias 

(a) Average neurometric curves are shown for Target Group A (red) and B (blue). (b) Neurometric 
sensitivity was calculated using the slope of neurometric curves in (a). Average neurometric 
sensitivity for decoding Stim A and B trials across a range of discrimination trials is shown for Target 
Group A neurons (red bars) and Group B neurons (blue bars). (c) Photostimulation bias is shown as 
a function of Stim A target group neurometric sensitivity. (d) Photostimulation bias is shown as a 
function of Stim B target group neurometric sensitivity. (e) Photostimulation Choice A reaction time 
bias is shown as a function of Stim A target group neurometric sensitivity. (f) Photostimulation Choice 
B reaction time bias is shown as a function of Stim A target group neurometric sensitivity. (g) 
Photostimulation Choice A reaction time bias is shown as a function of Stim B target group 
neurometric sensitivity. (h) Photostimulation Choice B reaction time bias is shown as a function of 
Stim B target group neurometric sensitivity. 
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6.2.6. NUMBER OF ACTIVATED TARGET NEURONS DOES PREDICT PHOTOSTIMULATION-
EVOKED BIAS 

 

Many recent studies have demonstrated that mice show remarkable perceptual 

sensitivity to sparse stimulation of small ensembles (and even single neurons) in barrel 

cortex (Dalgleish et al., 2020; Houweling and Brecht, 2008; Huber et al., 2008; Tanke 

et al., 2018). Accordingly, I assessed whether photostimulation-evoked bias related to 

the number of activated photostimulation targets on TS+PS trials. This analysis 

revealed a positive and significant correlation between choice bias (ΔP(Choice A)) 

and the number of activated target neurons (r = 0.3; P = 0.002), indicative of stronger 

photostimulation driving a perceptual bias towards the contralateral whisker (Fig 6.9). 

This correlation was present separately on both TS+PS Group A trials (r = 0.33; P < 

0.05) and TS+PS Group B trials (r = 0.27; P < 0.05).  

 

 

Figure 6.9  ç The number of activated target neurons predicts choice bias  

(a) The change in choice behaviour on photostimulation (TS+PS) and non-photostimulation (TS) is 
plotted against the average number of activated targets with the stimulation group. Red points 
indicated TS+PS Group A stimulation trials, and blue points indicate TS+PS Group B stimulation 
trials. The grey lines connect the condition pairs within each individual experiment. The correlation 
coefficient and P value is calculated from across all points. (b) Non-photostimulation trials were 
iteratively sampled to determine the probability of observing a significant correlation between target 
activity and choice by chance. The grey distribution shows the distribution of correlation coefficients 
obtained by randomly sampling TS trials to generate number-matched ‘fake’ stimulation trials. The 
red arrow indicates the correlation coefficient measured in (a). The probability of obtaining this 
correlation by chance was 0.002%.   
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Previous analyses concluded that activity in barrel cortex was not predictive of 

behavioural choice on TS trials (chapter 5). Furthermore, neither target group showed 

significant choice probability (CP) which if present would indicate an underlying 

correlation with behaviour (Group A CP = 0.5 ± 0.03; Group B CP = 0.51 ± 0.04). 

However, to assess whether this effect could be related to a general correlation 

between target group activity and choice behaviour I performed the analysis in Fig 

6.9a on resampled non-photostimulation trials in line with a recently described method 

(Daie et al., 2021). For this analysis, I designed a procedure to randomly resample the 

control TS trial distribution (with replacement) to construct two sets of ‘fake TS+PS’ 

trials that were number matched to the corresponding TS+PS Group A and TS+PS 

Group B trials delivered during the experiment. This was made possible because TS 

trials were delivered with twice the frequency of individual TS+PS Group A and TS+PS 

Group B trials during the experiment (Fig 6.1f).  

I then compared these resampled ‘fake’ trials to the control TS trial distribution using 

the same analysis used to characterise target activation (here to assess the probability 

of statistically detecting target activation across choice trials in the absence of 

photostimulation) and ΔP(Choice A). I performed this procedure across all 

experiments, arriving at a complete ‘fake’ data-set of resampled TS trials, with two 

data points per experiment. I then could assess the correlation between choice 

behaviour and the number of activated targets in the absence of photostimulation. I 

repeated this entire procedure 10000 times and report the distribution of correlation 

coefficients obtained from the resampled datasets in Fig 6.9b. The distribution of 

resampled correlation coefficients was normal and centred at 0 indicative of no 

underlying trend in the data for differential target activity on Choice A or B trials. 

Furthermore, the probability of measuring a correlation coefficient strength of r = 0.3 

in the absence of photostimulation was 0.002, indicated by the red arrow in Fig 6.9b. 

These results strongly suggest there is no underlying correlation between target 

activity and behaviour, and therefore confirms that photostimulation-driven activity 

significantly contributes to a perceptual choice bias. 
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Notably, the results in Fig 6.9a show that activation of low numbers of target neurons 

paradoxically results in a negative ΔP(Choice A) bias i.e., a bias towards Choice B 

and the ipsilateral whisker. To reconcile this unexpected result, I analysed the net 

change in population activity on TS+PS trials by assessing the difference in absolute 

number of neurons in the population (i.e., targets and followers) that were significant 

activated vs suppressed. This revealed that negative photostimulation-evoked biases 

tended to occur in experiments with net-suppressive effects of photostimulation on 

population activity.  

 

This correlation was tested using the same resampling procedure described above 

and was significantly above chance (P = 0.016). This result is consistent with data 

presented above showing that the net effect of photostimulation on the L2/3 network 

is inhibitory (Fig 6.3). Furthermore, it should be acknowledged due to single-plane 

calcium imaging, it is likely that I am under-sampling the overall proportion of 

significant network followers. Indeed, photostimulation does not appear to drive 

significant excitatory network responses (measured within the same imaging plane), 

and therefore it could be assumed that the unsampled population of network followers 

above and below the imaging and stimulation plane are dominated by inhibitory 

Figure 6.10  ç Net photostimulation suppression of network activity predicts ipsilateral whisker 
biases.  

(a) Photostimulation-evoked bias is plotted as a function of net photostimulation-evoked change in 
network activity. Net change was calculated as the difference between the total number of activated 
and suppressed L2/3 cells (target + followers) on photostimulation (TS+PS) vs non-photostimulation 
(TS) trials. (b) The distribution shows the results of iteratively resampling non-photostimulation trials 
10000 times to test the probability of observing a correlation between net network activity by chance. 
The probability of observing the correlation in (a, r = 0.23) by chance was evaluated at P = 0.016. 

 

a b 
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responses as opposed to excitatory. This may explain why the cloud of data points in 

Fig 6.10 is notably shifted to the right of zero, as excitation (i.e., the predominant 

source of which is direct target activation) is adequately sampled, but wider network 

inhibition is under-represented. 

 

6.2.7. DIRECTIONAL PHOTOSTIMULATION BIAS IS DEPENDENT ON TASK CONTINGENCY 
 

The data discussed above were analysed without respect to task contingency, with 

the behavioural metric aligned to the stimulus choice P(Choice A), which is the operant 

conditioned action for the preferred whisker stimulus (relative to the stimulated 

hemisphere). Indeed, the full dataset is comprised of 30 experiments in 7 mice trained 

on the symmetric task, and 22 experiments in 6 mice trained on the asymmetric task. 

To assess the perceptual specificity of photostimulation-evoked bias, I compared the 

effect across symmetric and asymmetric datasets. First, aligning the behavioural effect 

to directional lickport response P(Lickport A) abolished the correlation between 

photostimulation target activity and behavioural bias across the full dataset (Fig 

6.11b), as now both symmetric and asymmetric datasets show opposite effects on 

behaviour that appear to cancel each other out (note a small positive bias remains, 

presumably due to a disproportionate number of symmetric sessions). Accordingly, 

photostimulation triggered activity drives a Lickport A bias in symmetric mice (as 

Lickport A = Choice A) but appears to drive a negative Lickport A trend in asymmetric 

mice (as Lickport A = Choice B). Note that the correlation for asymmetric mice does 

not reach significance (perhaps due to the presence of a few outlier points, and fewer 

overall sessions relative to the symmetric dataset), but a clear downward trend is 

visible in the data. 

To isolate the effect of photostimulation-evoked target activity on perceptual 

behaviour, and control for variability in individual differences in general behavioural 

performance across mice and across experiments (response bias, miss rate, reaction 

time, number of session trials etc), I proceeded to analyse the relative difference 

between the pair of photostimulation trial conditions TS+PS Group A and TS+PS 

Group B within the same experiment. Intra-experiment comparisons were performed 
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by first normalising behaviour and photostimulation activity across the two conditions 

(TS+PS Group A, TS+PS Group B, mean subtraction). This procedure is shown in Fig 

6.12a.  

 

Across the full dataset, the intra-experiment difference in choice bias (P(Choice A)) 

significantly correlated with the relative difference in the number of activated target 

neurons across TS+PS Group A and TS+PS Group B trials (Fig 6.12b left). This shows 

that both inter and intra-experiment differences in perceptual bias can be attributed to 

the number of photostimulated target neurons activated. This effect was similarly 

abolished when aligning the behavioural metric to P(Lickport A), again confirming that 

photostimulation drives a perceptual bias towards the contralateral whisker and does  

Figure 6.11  ç The directional photostimulation-evoked lick bias depends on task contingency 

(a) Choice bias vs activated PS targets is shown for all sessions aligned to P(Choice A). (b) The same 
experimental data in (a) is shown with behavioural photostimulation-evoked bias aligned to P(Lickport 
A). Green data points show experimental results from symmetric task contingency trained mice, and 
orange points show data from asymmetric trained mice. Note that the correlation across experiments 
is abolished. (c, d) The data in (b) are shown separately with symmetric (green) experiments in (c) and 
asymmetric (orange) experiments in (d). The full dataset is from 52 experiments in 13 mice, with 30 
symmetric experiments in 7 mice and 22 asymmetric experiments in 6 mice.   



 197 

 

not trigger a stereotyped motor response. Intra-experiment differences in lickport 

response bias showed significant equal but opposing biases across contingencies, 

with larger photostimulation activation biasing symmetric trained mice towards 

Lickport A, whilst larger photostimulation activation biased asymmetric trained mice 

towards Lickport B.  

 

 

 

  

Figure 6.12  ç The number of activated targets 
predicts choice bias within session.  

(a) Within session differences in choice bias 
across TS+PS Group A and TS+PS Group B 
trials were compared. Behaviour and 
photostimulation responses across the two trial 
conditions were mean subtracted, to normalise 
variability across experiments. This procedure is 
shown with a single example experiment. The 
dashed lines indicate the mean behaviour 
(horizontal) and target response (vertical) across 
the two conditions. (b) The mean subtraction 
procedure in (a) was performed across all 
experiments. Within-experiment difference in 
perceptual bias (aligned to stimulus choice 
P(Choice A) significantly correlates with the 
relative difference in target activation across 
TS+PS Group A and TS+PS Group B conditions. 
Left: Data points aligned to stimulus choice. 
Right, behaviour aligned to directional lickport 
response. Note the correlation is abolished when 
aligning to lickport response. (c) Splitting the 
dataset in (b right) into symmetric (left) and 
asymmetric (right) sessions revealed that 
differential target activation drives directional lick 
biases consistent with the learned sensorimotor 
contingency.  
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With this demonstration of remarkable perceptual sensitivity to target activation 

number, I assessed whether different numbers of stimulus-selective neurons, 

activated across photostimulation conditions showed a relation to inter or intra-

experimental choice bias. The number of Stim A photostimulation targets activated 

showed no correspondence to inter-experiment (Fig 6.13a) or intra-experiment (Fig 

6.13e) perceptual choice bias. Likewise, the number of activated Stim B selective 

targets did not predict inter (Fig 6.13b) or intra-experiment (Fig 6.13f) choice bias. The 

relative difference in Stim A and B coding target activation also did not show a 

relationship with photostimulation-evoked bias inter (Fig 6.13c) or intra-experimentally 

(6.13g). Instead, the number of activated non-selective target neurons showed a 

strong correlation (r = 0.31, P = 0.001) with inter-experiment choice bias (Fig 6.13d) 

Figure 6.13  ç The number of activated stimulus-selective neurons does not predict choice bias 

(a-d) The change in choice behaviour between photostimulation (TS+PS) and non-photostimulation (TS) is 
plotted against the average number of activated stimulus-selective targets neurons. (a) Shows the number of 
activated Stim A selective neurons. (b) Shows the number of PS activated Stim B neurons. (c) Shows the 
relative difference in number of Stim A and B selective target neurons. (d) Shows the number of non-selective 
target neurons activated. (e-h) The change in choice behaviour within experiment (mean subtracted) across 
the two photostimulation trials (TS+PS Group A vs TS+PS Group B) is plotted against the average difference 
in activated stimulus-selective targets neurons across photostimulation patterns. (a) Shows the number of 
activated Stim A selective neurons. (b) Shows the number of PS activated Stim B neurons. (c) Shows the 
relative difference in number of Stim A and B selective target neurons. (d) Shows the number of non-selective 
target neurons activated. Red and blue markers show data points from TS+PS Group A and TS+PS Group B 
stimulation conditions respectively. 
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with a weaker but significant intra-experiment correlation with choice bias (Fig 6.13h). 

These results suggest that the perceptual effect of photostimulation on behaviour is 

largely carried by activation of a small population of non-stimulus selective neurons. 

 

6.2.8. PHOTOSTIMULATION DOES NOT ALTER WHISKING 
 

Stimulation of both vibrissal motor cortex and barrel cortex can trigger and alter 

whisker movements (Auffret et al., 2018; Brecht et al., 2004; Ebbesen et al., 2017; 

Matyas et al., 2010). To investigate whether photostimulation-evoked biases in 

behaviour could be in part mediated through alterations in whisking (and subsequently 

changes in afferent input), I compared whisking patterns across photostimulation and 

non-photostimulation trials. Average trial-evoked whisking patterns showed no 

difference across photostimulation and non-photostimulation trials both in the 

presence (Fig 6.14a) and absence (Fig 6.14c) of TS input. Comparing evoked 

whisking responses across PS and non-PS trials as a function of target activation 

Figure 6.14  ç Photostimulation does not evoke or change whisking 

(a) Average trial-evoked whisking pattern on TS trials (grey) and TS+PS trials (magenta). (b) The magnitude 
of photostimulation (number of activated targets, left two plots) and the mean target group AUC tuning (right 
two plots) does cause changes in TS evoked whisking. (c) Average trial-evoked whisking pattern on catch 
trials (yellow) and PS-alone trials (cyan). (d) The magnitude of photostimulation (number of activated targets, 
left two plots) and the mean target group AUC tuning (right two plots) does evoke whisker movements.  
Evoked whisking was measured as the average activity 500 – 1000 ms post stimulus (indicated with green 
bars in a and c).  Whisking responses (plotted on the y-axis) in b and d are shown as the difference in evoked 
response across Stim A vs B, TS vs TS+PS (b) and catch vs PS (d) trials respectively.  

a b 

c d  
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number, or target-group stimulus-selectivity did not reveal any correlation between 

photostimulation parameters and contralateral (whisker pad A) or ipsilateral (whisker 

pad B) whisking activity (Fig 6.14b,d). 

Whilst it could be argued that my method of extracting whisker movements (using a 

ROI-based pixel intensity approach) is less refined compared with standard practices 

for tracking finescale whisker kinematics with high spatial and temporal resolution 

((Hires et al., 2015; O’Connor et al., 2010, 2013), I believe it to be a sufficient and 

sensitive measure that accurately reflects global whisker pad movements. For 

instance, it is sufficient to reliable detect bouts of whisking activity during spontaneous 

non-task imaging and extracted whisking amplitude ‘vigour’ strongly correlated with 

evoked neural response size in L2/3. Furthermore, it is sufficiently sensitive to trace 

the temporal profile of trial-evoked whisking, and highlight differences across different 

trial types, and detect differences across perceptual outcomes that predict 

corresponding measured difference in neural responses. Consequentially, whilst large 

one-photon stimulation of barrel cortex does drive whisking activity (Auffret et al., 

2018; Matyas et al., 2010), it appears that targeted two-photon photostimulation or 

sparse L2/3 ensembles does not. 

 

6.2.9. DECISION STRATEGY PREDICTS PHOTOSTIMULATION BIAS 
 

The photostimulation-evoked choice bias on TS+PS trials was not correlated with 

behaviour on non-photostimulation TS trials (Fig 6.15a; r = 0.13; P > 0.05), response 

bias (Fig 6.15b; measured on catch trials; r = 0.18; P > 0.05) or with evoked changes 

in whisking (Fig 6.15c; r = 0.02; P > 0.05). However, choice bias strongly correlated 

with behavioural strategy (Fig 6.15d; r = -0.3; P = 0.002). Behavioural strategy here 

summarises the tendency for mice to repeat the action of the previous trial on 

ambiguous TS trials (introduced in Fig 5.11) and is defined as P(Repeat previous 
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choice). Thus, values closer to 0.5 (chance) indicate that behaviour on TS trials is less 

influenced by trial history, whilst values closer to 1 indicate behaviour on TS trials is 

dominated by past actions. A clear correlation was present, whereby positive 

photostimulation biases (i.e., biases towards the contralateral whisker) were 

associated with less biased decision-making.    

Notably, decision strategy P(Repeat previous choice) did not implicitly predict the 

number of activated photostimulation targets r = -0.01, P = 0.92). Average number of 

activated photostimulation targets also did not significantly correlate with TS baseline 

(r = 0.24, P = 0.09), catch trial response bias (r = 0.01, P = 0.93), or pre-stimulus 

whisking differences on TS vs TS+PS trials (r = -0.14, P = 0.31). The number of 

Figure 6.15  ç Behavioural strategy on threshold trials predicts effect of photostimulation 
on behaviour.  

(a) The photostimulation-evoked bias on TS+PS trials (ΔP(Choice A)) is not predicted by baseline 
behavioural bias on non-photostimulated (control) TS trials. (b) The photostimulated-evoked bias 
is not predicted by response bias, measured on catch trials. (c) The photostimulation-evoked bias 
does not correlate with the relative change in whisking response across photostimulation (TS+PS) 
and non-photostimulation (TS) trials. (d) The photostimulation-evoked bias significantly correlates 
with behavioural strategy (P(Repeat previous choice) on TS trials. Positive effects of 
photostimulation on perceptual choice bias are increased in mice that do not show strong reward 
history biases and vice versa. 
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activated photostimulated targets weakly correlated with number of photostimulatable 

cells in the FOV (r = 0.29, P = 0.03), but number of photostimulatable FOV cells did 

not predict behavioural change (r = 0.14, P = 0.32). Variability in photostimulation 

activation across experiments is explored further in chapter 7. 

 

6.2.10. SUMMARY LINEAR REGRESSION MODEL 
 

To summarise the analyses presented above, I used a simple multiple linear 

regression model to assess how the number of activated photostimulation targets, 

target group stimulus tuning, number of active and suppressed network followers and 

behavioural decision strategy contributed to photostimulation-induced biases in 

perceptual discrimination. The MLR model, with the same set of predictors, was run 

on both inter-experiment (TS vs TS+PS) and intra-experiment (TS+PS Group A vs 

TS+PS Group B) data and is presented in Fig 6.16a (Number of cells model’).  

For the inter-experiment ‘across session’ comparisons target activation significantly 

predicted choice bias (Target activation: 0.3 [95% CI: 0.1 0.51], P = 0.004), as did 

behavioural strategy (Behavioural strategy: -0.29 [95% CI: -0.47 -0.11], P = 0.002). 

Neither target group tuning (TG tuning: -0.004 [95% CI: -0.19 0.18], P = 0.97) or 

network response (Network activation: 0.03 [95% CI: -0.18 0.23], P = 0.8; Network 

suppression: -0.11 [95% CI: -0.29 0.08], P = 0.25) significantly contributed to model 

performance. For the intra-experiment ‘within session’ comparison, only target 

activation predicted choice bias (Target activation: 0.31 [95% CI: 0.12 0.50], P = 

0.002), with target tuning (TG tuning: -0.15 [95% CI: -0.35 0.03], P = 0.11), network 

response (Network activation: 0.03 [95% CI: -0.16 0.22], P = 0.74; Network 

suppression: -0.01 [95% CI: -0.20 0.19], P = 0.25) and strategy (Behavioural strategy: 

0 [95% CI: -0.19 0.19], P = 1) having no significant impact on model performance. 

To provide further validation to the analyses in this chapter, I re-ran the MLR model 

using a separately calculated scalar measure of target and network photostimulation 

response that was not based on implementing a statistical threshold to detect 

significant active (or suppressed) cells (Fig 6.16b ‘Summed ΔF/F model’). This 
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measure was derived by summing the evoked ΔF/F response within all neurons in PS 

target zones, and within all neurons in network zones and averaging the global 

summed activity across trials.  

Figure 6.16  ç Multiple linear regression model  

(a)  A multiple linear regression (MLR) model was used to examine the relationship between various 
experimental predictors and photostimulation-evoked choice bias. These predictors included decision-
making strategy (‘Behavioural strategy’), the number of suppressed network followers (‘Network 
suppression’), the number of activated network followers (‘Network activation’), the average stimulus-
selectivity of the photostimulation target group (‘Target group tuning’) and the number of 
photostimulation-activated target neurons (‘Target activation’). These variables were used to predict the 
change in choice bias on TS vs TS+PS trials. The same sets of predictors was assessed on across 
session data (i.e., comparing TS with TS+PS trials) and on within session data (TS+PS Group A vs 
TS+PS Group B). The left plot shows across session model performance, and the right plot shows within 
session model performance. (b) The same model was run using a different measure of photostimulation 
triggered activity ‘Summed ΔF/F’ measured across neurons in target zones (‘Target activation’) and 
neurons in network zones (‘Network responses’). All other coefficients are the same as in (a). Significant 
predictors (P < 0.05) are shown as black markers, and non-significant shown as white. The Errorbars 
show the 95% CI. 
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The summed ΔF/F model returned the same results as the number of cells model and  

is summarised in Fig 6.16b. For the inter-experiment ‘across session’ comparisons 

Target activation significantly predicted choice bias (Target activation: 0.3 [95% CI: 

0.11 0.49], P = 0.002), as did strategy (Behavioural strategy: -0.38 [95% CI: -0.57 -

0.19], P = 0.0001). Neither target group tuning (TG tuning: -0.03 [95% CI: -0.21 0.16], 

P = 0.77) or network response (Network response: 0.05 [95% CI: -0.22 0.14], P = 0.62) 

significantly contributed to model performance. Note that network response is a single 

net scalar predictor for the summed ΔF/F model. For the intra-experiment ‘within 

session’ comparison, both target activation (Target activation: 0.28 [95% CI: 0.06 0.5], 

P = 0.01), and target tuning (TG tuning: -.0.22 [95% CI: -0.42 -0.03], P = 0.02), 

predicted choice bias, with network response (Network response: 0 [95% CI: -0.21 

0.21], P = 1) and strategy (Behavioural strategy:  0  [95% CI: -0.39 0.19], P = 1) having 

no significant impact on model performance. Notable, the sign of the corresponding 

relationship between target group tuning and choice bias is inverted such that it would 

appear targeting stimulus-selective neurons may have a paradoxical suppressive 

effect on stimulus choice. This effect, though not statistically significant is somewhat 

present in the ‘number of cells’ model (Fig 6.16a right). 

These findings confirm, through two independent measures of photostimulation-

evoked activity, that the strength of targeted photostimulation positively correlates with 

contralateral whisker bias evoked on TS+PS trials, but also within individual 

experiments across TS+PS Group A and TS+PS Group B trials. Furthermore, 

decision-making strategy strongly predicts the effect of photostimulation across 

different mice. These results also demonstrate that the network response to 

photostimulation does not contribute to choice bias. This also doubles up as an 

additional confirmation that underlying population activity does not correlate with 

perceptual choice, and thus the effect on behaviour must be driven by a perceptual 

bias invoked by targeted photostimulation. 
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6.3. DISCUSSION 
 

6.3.1. RESULTS SUMMARY 
 

Based on functional characterisation of task-related L2/3 activity, neurons were 

targeted for two-photon holographic photostimulation to probe the relationship 

between cortical processing in stimulus-ensembles and perceptual discrimination. 

SLM-targeting enabled cellular resolution stimulation of small-sets of target neurons, 

with simultaneously acquired population calcium providing cellular resolution readout 

of triggered activity in the target neurons and surrounding L2/3 circuit. 

Photostimulation was paired with sensory input delivered at the psychophysical 

threshold and resulting changes in behaviour were interpreted as optogenetic-

modulation of perceptual bias. 

Whilst photostimulation had no average effect on task performance, perceptual choice 

bias significantly correlated with the number of activated photostimulation targets. This 

effect was present when comparing photostimulation trials with non-photostimulated 

control trials and when comparing across the two separate photostimulation conditions 

- when sensory input is fixed but photostimulation is varied. Furthermore, the 

directional lick bias evoked by photostimulation was dependent on the learned 

sensorimotor contingency, which larger photostimulation evoked activity positively 

correlating with a perceptual bias towards the contralateral whisker irrespective of 

conditioned lick direction. 

Notably, the dominant effect of patterned photostimulation on the surrounding non-

targeted network was suppressive. Indeed, paradoxical biases towards the ipsilateral 

whisker were measured in experiments with large net inhibitory effects on the L2/3 

population. This follows my previous optogenetic photoinhibition experiments (chapter 

4) that show unilateral silencing of barrel cortex triggers reliable contralesional sensory 

neglect, and many experimental demonstrations of strong recruitment of GABAergic 

interneurons following activation of excitatory pyramidal neurons in L2/3. 
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Across different mice, perceptual photostimulation bias appeared closely linked with 

behavioural decision-making strategy, intuitively implying that cortical stimulation has 

a stronger and more positive impact on behaviour when task performance is not 

dominated by non-sensory factors. A summary regression model confirmed that both 

target activation and behavioural decision-making strategy strongly predict the effect 

of photostimulation on behaviour across mice.  

Targeted photostimulation did not appear to preferentially recruit functionally coupled 

excitatory or inhibitory follower responses in L2/3. Indeed, additional analyses 

comparing the differential effect of targeted stimulation across TS+PS Group A and 

TS+PS Group B trials tentatively suggest functional-targeting may have a slight 

paradoxical negative impact on preferred stimulus perception. However, the strongest 

predictor of optogenetic-bias was the absolute number of un-tuned stimulated 

neurons, suggesting that a sparse population of ‘silent’ neurons can contribute 

perceptually salient information to influence perceptual processing. 

 

6.3.2. SPARSE CORTICAL CONTROL OF BEHAVIOUR 
 

The brain has billions of neurons (Herculano-Houzel, 2009), yet sensory and task-

evoked activity dynamics are characteristically sparse at the population level, 

particularly in superficial neocortex and higher order brain regions (Barth and Poulet, 

2012; Harris and Mrsic-Flogel, 2013). As a fundamental design principle, sparse 

coding has a range of computational benefits for efficient information processing and 

information storage in the face of high metabolic costs associated with action potential 

firing (Attwell and Laughlin, 2001; Barlow, 1972; Lennie, 2003; Levy and Baxter, 1996). 

The ability to control the parameter space of spiking in cortical neurons (e.g. timing, 

rate, regularity, synchrony, number of neurons, functional identity etc.) is paramount 

for testing how sparse neural ensembles process and compute information to guide 

behaviour (Cohen and Newsome, 2004; Doron et al., 2014; Salzman et al., 1992).  

It has long been appreciated that activating large populations of sensory neurons in 

cortex via electrical or optogenetic stimulation methods can reliably influence 
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behaviour in both the presence and absence of afferent sensory input (Ditterich et al., 

2003; Murphey and Maunsell, 2007; O’Connor et al., 2013; Romo et al., 1998; 

Sachidhanandam et al., 2013; Salzman et al., 1990, 1992). However, many 

experimental studies have also demonstrated that activation of small cortical 

ensembles (and even single neurons) can exert remarkable impacts on sensorimotor 

behaviour too (Brecht et al., 2004; Daie et al., 2021; Dalgleish et al., 2020; Houweling 

and Brecht, 2008; Huber et al., 2008; Jennings et al., 2019; Robinson et al., 2020; 

Russell et al., 2019; Tanke et al., 2018). Furthermore, single neurons can exert both 

strong excitatory and inhibitory influences on wider network activity (Chettih and 

Harvey, 2019; Kwan and Dan, 2012; Lefort et al., 2009; Li et al., 2009; London et al., 

2010). These findings imply cortical processing can be dynamically regulated through 

the action of small numbers of cells, and that this can drive measurable changes in 

perceptual function. 

In the whisker system, sensitivity to single-cell stimulation appears less robust in the 

sensory periphery (Voigt et al., 2008), whilst single cortical neurons can have weak 

but significant perceptual impact (Houweling and Brecht, 2008; Tanke et al., 2018). 

These results are consistent with observations that decision-related activity crucial for 

stimulus perception emerges specifically in cortex through cortico-cortical recurrent 

dynamics (Kwon et al., 2016; Sachidhanandam et al., 2013; Yang et al., 2015). This 

demonstrates exquisitely sensitive coupling between cortical spiking and perceptual 

output, despite strong inhibitory pressure in cortical circuits (Isaacson and Scanziani, 

2011a; Packer and Yuste, 2011), and provide direct causal evidence in support of the 

sparse coding hypothesis (Barlow, 1972; Olshausen and Field, 2004; Wolfe et al., 

2010). 

The results presented in this chapter are in line with an emerging body of work 

demonstrating that targeted optical manipulations of small (i.e. < 30 neurons) neural 

ensembles effect measurable changes in behaviour (Carrillo-Reid et al., 2019; Daie et 

al., 2021; Gill et al., 2020; Jennings et al., 2019; Marshel et al., 2019; Russell et al., 

2019). Cellular resolution optical control and simultaneous readout of neural circuit 

activity is optimally suited for probing causal dependencies between sparse network 

activity patterns and perceptual function, as both the number and spatial distribution 
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of spiking neurons can be flexible controlled, and the efficacy of stimulation can be 

accurately assessed. For instance, a recent study using the same holographic 

photostimulation approach as described in this chapter, directly tested the relationship 

between neural activity and perception by parametrically titrating the number of 

optogenetically targeted neurons across different trials and measuring the resulting 

psychometric detection function (Dalgleish et al., 2020). This study placed a lower 

bound on the cortical threshold for stimulus detection at ~14 pyramidal neurons and 

demonstrated that perceptual detection saturation plateaus at ~40 neurons, despite 

matched recruitment of network inhibition that appears to balance the additional 

excitation. Similarly, activation of ~8 neurons in anterior lateral motor cortex (ALM) can 

exert strong directional lick biases, but these effects appear to be directed through the 

strong recruitment of functionally coupled subnetworks of neurons (Daie et al., 2021), 

as has also been shown in pattern completing ensembles in visual cortex (Carrillo-

Reid et al., 2016, 2019; Russell et al., 2019). 

In my experiment, I delivered targeted photostimulation which directly activated 

numbers of L2/3 neurons within a similar range (6 – 37 activated targets) to the 

aforementioned studies and show that stimulation has corresponding effects on 

perceptual discrimination. Importantly, by counterbalancing the task stimulus-

response contingency across mice, my results show that a gradient of activation 

across a narrow range of the L2/3 population specifically modulates choice bias 

towards the contralateral whisker. Furthermore, in each experiment and each 

photostimulation stimulation pattern, the same total power (6 mW photostimulation 

target site, 30 target sites in total) was delivered into the brain, and therefore measured 

behavioural changes cannot be directly attributable to non-specific effects of tissue 

heating, which can occur using high-powered lasers to image and stimulate neural 

activity (Picot et al., 2018; Podgorski and Ranganathan, 2016). 

Notably, in some experiments photostimulation recruited net population suppression,  

resulting in paradoxical (although anticipated given net decrease in activity) perceptual 

biases towards the ipsilateral whisker. This aligns with existing reports showing that 

dynamic interactions between excitation and inhibition in cortex plays a vital role in 

signal processing (Cone et al., 2019; Dalgleish et al., 2020; Haider et al., 2013; Kapfer 
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et al., 2007; Mateo et al., 2011; Sachidhanandam et al., 2016; Sun et al., 2021), and 

highlights the utility of patterned optogenetic illumination methods with simultaneous 

optical readout for interpreting and probing functional circuit dynamics during sensory 

processing (Carrillo-Reid et al., 2016; Chettih and Harvey, 2019; Daie et al., 2021; Fan 

et al., 2020). Furthermore, despite targeting 30 neurons per experiment, 

photostimulation responses appeared highly variable both across and within 

experiments. I explore the functional interactions between photostimulation responses 

in the directly targeted neurons and network, with and without sensory stimulation, 

further in the next chapter. 

Behavioural sensitivity to small activity differences in the L2/3 population implicitly 

requires a highly sensitive downstream readout of L2/3 spiking that drives decision-

making processes (Bernardi et al., 2021; Gold and Shadlen, 2007). L2/3 neurons in 

barrel cortex send direct axonal projections to a diverse set of distal ipsilateral and 

contralateral targets including higher-order somatosensory cortex, motor cortex as 

well as association cortices and striatum (Aronoff et al., 2010; Petreanu et al., 2007; 

Yamashita et al., 2018), and thus are positioned to play an important role in co-

ordinating activity in a wide sensorimotor network (Chen et al., 2013a; Crochet et al., 

2019; Ferezou et al., 2007). Additionally, L2/3 pyramidal neurons provide strong inputs 

to L5 (Hooks et al., 2011; Lefort et al., 2009), which in turn project to many other 

cortical and subcortical structures implicated in the co-ordination of goal-directed 

behaviours including the striatum, which notably integrates bilateral whisker input 

(Hattox and Nelson, 2007; Reig and Silberberg, 2014, 2016). Indeed, L2/3 has been 

directly shown to control the gain of sensory-evoked responses in L5 (Quiquempoix et 

al., 2018), suggesting that experimental manipulations of L2/3 may achieve perceptual 

salience through strong gating of barrel cortex output.  

 

6.3.3. THE IMPACT OF STIMULUS-RELEVANT NEURONS ON BEHAVIOUR 
 

Notably, behavioural sensitivity to single-neuron spiking appears to be non-uniformly 

distributed across cortical populations of functionally and genetically distinct neurons 

(Houweling and Brecht, 2008; Tanke et al., 2018). This is in coherence with many 
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experimental recordings that show strong stimulus tuning-selectivity, highly 

heterogenous firing rates in across the cortical population (Hubel and Wiesel, 1963; 

O’Connor et al., 2010; Ohki et al., 2005) and relationships between spike output in 

highly tuned neurons and perceptual choice (Britten et al., 1996; Sachidhanandam et 

al., 2013). This also supports theoretical decision-making models that posit that some 

neurons (i.e. neurons with strong stimulus responsiveness) may prefentially carry 

more weight in the decision-pool than others, and that this underlies optimal stimulus 

decoding from a sensory population (Gold and Shadlen, 2007; Haefner et al., 2013; 

Jazayeri and Movshon, 2006).  

Many recent experiments have sought to expand on these findings by using all-optical 

methodologies to selectively target different groups of cells tuned for specific stimulus 

features including spatial locations (Robinson et al., 2020), visual orientation tuning 

(Carrillo-Reid et al., 2019; Marshel et al., 2019; Russell et al., 2019), olfactory cues 

(Gill et al., 2020), lick direction (Daie et al., 2021) and more complex variables like 

social and appetitive valance (Jennings et al., 2019). With particular relevance to my 

experiments, many of these studies have been probed perceptual-decision making in 

mouse visual cortex, where functional subnetworks of neurons show preferential 

synaptic connectivity supporting robust representation of visual stimuli (Cossell et al., 

2015; Ko et al., 2013).  Such targeted optogenetic experiments have demonstrated 

that selective activation of co-tuned neurons (i.e. neurons showing similar tuning 

preference for the same visual stimulus feature), or neurons tuned to a stimulus that 

has particular behavioural salience has specific impact on detection and discrimination 

performance (Carrillo-Reid et al., 2019; Marshel et al., 2019; Russell et al., 2019).  

Similarly, nanostimulation experiments performed in barrel cortex during performance 

of a passive whisker deflection task, showed that inducing bursts in highly-sensory 

(HS) responsive single-neurons (and paradoxically interneurons too) enhanced 

perceptual detection rates of threshold whisker input. Notably, such HS neurons were 

identified as L5b neurons, further implying that L5 plays a prominent role in mediating 

whisker stimulus perception. These experiments share considerable resemblance to 

the pioneering microstimulation studies perform in primate visual cortex where focal 

microstimulation selectively biases perceptual behaviour in alignment with the 
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preferred stimulus (motion direction) encoded by the stimulated cortical column 

(Ditterich et al., 2003; Salzman et al., 1992)   

Conceptually, the results from my experiments appear to contrast with these findings, 

which generally all demonstrate that correlation can be somewhat taken as causation 

(i.e., stimulus tuning equates with stimulus perception). My findings suggest that 

stimulus-tuning does not appear to drive perceptual choice biases during bilateral 

discrimination, whilst activation of non-selective neurons does. As is often the case, 

nuance in experimental design, brain region and context (e.g., behavioural task) 

across related studies may contribute to subtle discrepancies between findings.  

Many of the papers described above employ go-nogo task designs, where mice are 

trained to detect or discriminate between different features of visual stimuli (e.g. two 

different visual-stimulus orientations) monocularly (Carrillo-Reid et al., 2019; Marshel 

et al., 2019; Russell et al., 2019). Such a computation would naturally require two 

distinct sets of stimulus-tuned neurons within the same hemisphere to accurately 

encode orthogonal stimulus representations to allow perceptual discrimination. In 

contrast, I trained mice on a bilateral hemispheric comparison task, in which a naïve 

ascription of the functional role of barrel cortex would be to detect and report the 

intensity of the contralateral whisker stimulus. Whilst this interpretation does not fully 

align with the observation of unilateral mixed-selectivity tuning for both contralateral 

and ipsilateral coding neurons, it could be presumed that all neurons in barrel cortex 

can in principle contribute to an intracortical population representation of contralateral 

stimulus input. Within the classical columnar model of barrel cortex, neurons in S1 

should have a contralateral receptive field bias by virtue of the segregated pathway 

from whisker-to-cortex. Whilst this is true in L4, even in L2/3, where suprathreshold 

activity is sparse, a wider proportion of the population do receive subthreshold 

depolarisation following contralateral whisker deflection (Crochet et al., 2011; 

Petersen and Crochet, 2013a).  

Naturally this leads to many unanswered questions relating to the functional relevance 

of ipsilateral coding neurons in barrel cortex. Naturally, ipsilateral responses are 

weaker compared with contralaterally evoked responses and are mediated by cross 

callosal projections from contralateral barrel cortex (Petreanu et al., 2007; Reig and 
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Silberberg, 2016; Shuler et al., 2001). Notably, under bilateral stimulus conditions, 

ipsilateral responses were almost completely abolished similar to previous reports of 

interhemispheric suppression (Shuler et al., 2001). This implies that a strong ipsilateral 

stimulus representation only really exists under unilateral stimulation conditions, which 

may help sharpen unilateral responses under bilateral stimuli conditions to enable 

accurate perceptual discrimination of information on either side of the face (Kerekes 

et al., 2017; Knutsen et al., 2006; Mayrhofer et al., 2013; Miyashita and Feldman, 

2013; Shuler et al., 2001, 2002).  

Accordingly, on bilateral whisker stimulation trials, network activity was largely biased 

towards the contralateral whisker stimulus, which may explain why addition 

photostimulation-triggered spikes appear to drive a contralateral stimulus bias. This 

may also help explain why experiments with dominant photostimulation-evoked 

suppression of the network can elicit ipsilateral whisker biases (as the non-stimulated 

hemisphere now has a relatively larger stimulus representation). It is likely that the 

functional axial spread of photostimulation-recruited disynaptic inhibition is far greater 

then I was able to characterise using single-plane calcium imaging (Avermann et al., 

2012; Mateo et al., 2011; Packer and Yuste, 2011). Note that these findings are in line 

with the robust effects of unilateral one-photon activation (and suppression) during 

task performance. The intriguing finding that net suppression tended to occur on 

weaker photostimulation trials may imply some inherent spatial, or temporal, threshold 

of photostimulated activation is needed to overcome strong inhibitory network 

pressure. 

Whilst not entirely convincing, results from a linear regression model imply that intra-

experiment choice biases across photostimulation of contralateral or ipsilateral tuned 

neuron groups, may paradoxically generate a weak bias in favour on the non-preferred 

stimulus choice, with contralaterally tuned photostimulation leading to a more 

ipsilaterally tuned bias and vice versa. If so, such a result could be indicative of a like-

to-like suppression motif, whereby similarly tuned neurons compete laterally. Indeed, 

a similar circuit motif has been recently described in visual cortex (Chettih and Harvey, 

2019). However, other evidence counters this interpretation, as selective ablation of 

whisker-responsive neurons have been demonstrated to contribute to an overall 
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decrease in activity in non-ablated co-tuned neurons (Peron et al., 2020). 

Furthermore, I found no clear evidence of functional coupling between target neuron 

groups and activated or suppressed followers, thus this hypothesis would require 

additional experiments, perhaps with increased sensitivity of readout, to confirm. 

On this note, it should be acknowledged that due to the interaction of probabilities 

between few highly selective coding neurons and variable opsin expression across 

the population, very few highly selective neurons were addressable for 

photostimulation. Indeed, the stimulation-group design strategy of selecting the top 

and bottom 30 neurons across the stimulus-selectivity distribution inherently means 

that a larger proportion of targeted neurons show weaker stimulus-selective profiles, 

although the different target groups on average do have a significant stimulus-coding 

bias. Future experiments could employ volumetric stimulation and imaging techniques, 

to increase the fraction of addressable highly-stimulus coding neurons within the 

sampled volume. However, what my results do clearly show is that untuned L2/3 

sensory neurons can contribute behavioural relevant information that can be readout 

to inform perceptual decision-making 

 

6.3.4. SILENT SENSORY NEURONS 
 

The observation of large fractions of silent, non-stimulus responsive neurons in cortex 

has long been a source of intrigue (Brecht et al., 2005; Shoham et al., 2006). Could it 

be that all neurons in sensory cortex have a finely-tuned receptive field for a particular 

stimulus feature, but that the sensory stimuli used in controlled laboratory tasks are 

not ethological, or do not span a wide enough parameter space, to provide optimal 

afferent drive (Barth and Poulet, 2012; Ranjbar-Slamloo and Arabzadeh, 2019)? 

Whilst this could well be true, many sophisticated behavioural designs using rich, 

complex and naturalistic stimuli and active tactile tasks still report sparse cortical 

activation (Chen et al., 2013a; O’Connor et al., 2010; Peron et al., 2015; Sofroniew et 

al., 2014, 2015). Are ‘silent’ neurons therefore deliberately suppressed by intrinsic or 

synaptic mechanisms to constrain excessive cortical excitation, to reduce population 

coding redundancy or to enable dynamic and plastic changes in population activity to 
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support flexible sensorimotor associative learning (Brecht et al., 2005; Gdalyahu et al., 

2012; Petersen, 2007; Petersen and Crochet, 2013b; Stüttgen and Schwarz, 2018)?  

Many experimental and theoretical results indicate that un-tuned sensory neurons can 

play important roles in population sensory coding, as collective signals from neural 

populations can support increased discriminatory sensitivity through synergy (Abbott 

and Dayan, 1999; Petersen et al., 2001; Safaai et al., 2013; Zylberberg, 2018). 

Therefore, it would seem that the naïve assumption that non-responsive neurons do 

not, or cannot, contribute to behaviour should be interpreted with caution. In line with 

these ideas, my results here imply that non-stimulus tuned neurons in L2/3 can not 

only contribute to decision-making but appear to drive a stronger perceptual bias in 

comparison to stimulus-tuned neurons, challenging the prevailing view that stimulus-

selective neurons are privileged in driving perceptual behaviour. This suggests that 

though silent under afferent sensory input conditions, perhaps through dense and 

potent recruitment of inhibition, these neurons are functionally coupled into the 

sensory network. Indeed, mice conditioned to report two-photon stimulation of the 

same subset of L2/3 neurons (not selected based on stimulus-tuning) across many 

sessions during a learning phase, also show robust perceptual detection of other 

patterns of non-trained stimulation (i.e. task ‘naïve’ L2/3 ensembles), implying neural 

circuits have the ability to generalise learned stimulus-response associations across 

the wider network (Dalgleish et al., 2020). Perhaps over the course of extensive 

sensory-guided conditioning, non-stimulus responsive L2/3 cells acquire the ability to 

influence behaviour through the formation of an intra-hemispheric learning set 

(Harlow, 1949). 

The ability of non-tuned neurons to influence behaviour may also be specific to task 

conditions. Whilst small groups of highly-tuned neurons show strong neurometric 

coupling to psychometric performance, it could be the case that under ambiguous 

sensory conditions, population decoding is extended across a wider decision-pool to 

increase sensitivity for detecting and discriminating noisy stimuli. Furthermore, such a 

strategy could be related to the specific competitive inter-hemispheric dynamics 

enforced by the bilateral nature of the task design, whereby any addition spikes across 

the network are valuable for reaching a decision boundary and/or suppressing the 



 215 

other hemisphere. Additionally, stimulation of non-tuned neurons could mediate a 

perceptual bias through indirectly rescuing frequency-dependent adaptation (Musall 

et al., 2014; Tannan et al., 2007), or interhemispheric bilateral suppression (Shuler et 

al., 2001), in the highly-tuned sensory neuron ensemble. These open-ended questions 

constitute several important lines of enquiry that warrant further investigation for 

understanding the specific contribution, and mechanism, for L2/3 perceptual biasing. 

 

6.3.5. IMPACT OF BEHAVIOURAL STRATEGY ON CORTICAL ACTIVITY 
 

Decisions are not treated as isolated events, but are highly influenced by context, trial 

history and underlying motor and cognitive biases (Busse et al., 2011; Tversky and 

Kahneman, 1974). In some contexts, basing behavioural choices on past experience 

can be highly advantageous, however in others, relying on behavioural history can be 

sub-optimal. Mice can often employ highly individualistic and idiosyncratic 

sensorimotor behavioural strategies and decision biases during performance of 

trained perceptual tasks (Busse et al., 2011; Diamond et al., 2008; Gilad et al., 2018; 

Hwang et al., 2017; Kawai et al., 2015; Maravall and Diamond, 2015; O’Connor et al., 

2010). For example, these can be related to the implementation of either passive or 

active sampling strategies, or in the case of the well-studied pole localisation task, 

reducing a complex spatial discrimination task to a simpler detection task by using a 

selective spatial whisking strategy (O’Connor et al., 2010, 2013). Understanding how 

decision-making heuristics shapes sensorimotor processing will enable a more 

complete account of how neural circuits learn to simplify, perform and execute goal-

directed perceptual tasks.  

Indeed, many studies have shown that task difficulty, behavioural strategy, brain state 

and trial history are reflected in cortical activity and can shape sensory processing 

(Akrami et al., 2018; Boudreau et al., 2006; Chen et al., 2008; Donahue and Lee, 2015; 

Gilad et al., 2018; Gilbert and Sigman, 2007). A recent study also demonstrated that 

the effect of cortical stimulation is dependent on behavioural performance, with 

increased cortical engagement, and greater perceptual impact of cortical stimulation, 

occurring specifically in experiments where mice perform poorly during visual 
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detection of low contrast stimuli (Russell et al., 2019). Counterintuitively, cortical 

stimulation appeared to decrease task performance in expertly performing mice. 

These findings suggest that cortical processing of sensory stimuli is implicitly shaped 

by non-sensory influences, and that the relationship between cortical engagement, 

stimulus processing and task performance is likely to be far from trivial. 

Here, I report behavioural evidence that individual mice show different decision-

making strategies when faced with uncertain stimulus conditions. Some mice tend to 

repeat past actions, whilst others show behavioural performance more accurately 

reflecting the ambiguity of the sensory input. Remarkably, the effect of 

photostimulation on choice bias significantly correlated with the tendency for mice to 

repeat previous actions, in the absence of a direct relationship between 

photostimulation efficacy and behavioural strategy. Positive biases were more likely 

to occur in mice that showed un-biased decision-making. This implies that perceptual 

readout of photostimulation activity, specifically on bilateral threshold trials, may be 

dictated according to a decision-making strategy that either optimally weights sensory 

input (i.e., true chance performance), or disregards cortical activity to rely on trial 

history. Such a decision-making strategy could be related to the strong presence of 

inter-hemispheric suppression (Shuler et al., 2001), which likely degrades the 

intracortical representation of contralateral input bilaterally thus further contributing to 

a lack of cortical spikes available for guiding decisions. Furthermore, differential gating 

and flow of stimulus-information through the sensorimotor whisker system could also 

underlie the specificity effects of cortical stimulation on behaviour (Chakrabarti and 

Schwarz, 2018; Finkelstein et al., 2021; Gilad et al., 2018). 

Notably, from the perspective of a behaving mouse on threshold stimulus (TS) trials, 

neither behavioural strategy is strictly advantageous nor disadvantageous as TS trials 

were rewarded with 50% probability. Importantly, all mice showed optimal decision-

making on non-TS trials (i.e., when sensory evidence strongly favours one of the two 

stimulus choices), implying that mixed decision-strategies may be engaged according 

to different levels of sensory evidence across trials. Intriguingly, cortical stimulation 

appeared to drive the opposite bias (towards the ipsilateral whisker) in mice showing 

a preference for biased decision-making. Further analysis should be performed to 
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better characterise whether interactions between decision strategy, response bias and 

stimulus bias provide a clearer account of the effect of cortical stimulation on 

behaviour, and whether these behavioural signatures are reflected in the underlying 

excitatory and inhibitory dynamics of L2/3 activity. 

6.3.6. CONCLUSIONS 
 

Understanding how information content is coded in the dynamics of large sensory 

networks is vital for deciphering the principles of neural information processing. Whilst 

it appears that sensory information is spread disproportionately across the population 

in highly selective stimulus-coding ensembles, readout can occur from across a wide 

population, which may enable robust decoding in the face of trial-to-trial variability 

(Kafashan et al., 2021). Understanding how sensory-evoked spikes are decoded from 

cortical populations not only requires rigorous analysis through cellular measurement 

and manipulation, and controlled psychophysical behavioural tasks, but also a 

conceptual understanding of how sensory inputs are contextualised with internal state 

variables. Indeed, emerging evidence suggests that simple cortical sensorimotor 

transformations may not be so simple after all, with many non-sensory influences 

shaping how information is processed and routed across sensorimotor networks.  

I have designed and applied a strategy for cellular-resolution optogenetic targeting 

and population imaging in a 2AFC behavioural framework to probe activity in L2/3 

during behaviour. Whilst small ensembles of sensory selective neurons appear to 

carry most of the stimulus information, non-tuned L2/3 neurons can play a strong role 

in contributing activity to guided behavioural decisions. These findings consequentially 

demonstrate striking perceptual sensitivity to small changes in population activity in 

L2/3 causally relate to whisker perception.  
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7. PROBING THE CIRCUIT MECHANISMS UNDERLYING SPARSE POPULATION ACTIVITY 

7.1. INTRODUCTION 
 

Why do so few neurons in primary cortex spike following the delivery of a salient 

sensory stimulus, and what are the rules that govern which cells spike and which do 

not? Do some cells receive stronger afferent synaptic drive, or possess specific 

intrinsic or biophysical properties, that result in the widely observed non-uniform 

heterogenous responses across the population? Perhaps preferential connectivity 

between functionally aligned neuronal subnetworks allows the emergence of sparse 

and reliable cortical ensembles? Is feedforward, and lateral recruitment of inhibition 

uniform, or are some cells more likely to receive suppression from the network?  

Probing the mechanism, or combination of mechanisms, that enforce spatiotemporally 

sparse population codes is vital for understanding cortical processing, and many 

recent studies have demonstrated the utility of using controlled neuronal perturbations 

to study functional circuit dynamics (Avermann et al., 2012; Chettih and Harvey, 2019; 

Fan et al., 2020; Kwan and Dan, 2012; Li et al., 2009; Mateo et al., 2011).  

Accordingly, I analysed the interactions between patterned photostimulation of L2/3, 

delivered during task performance, and endogenous patterns of stimulus-evoked 

activity, to assess how sparse stimulation of L2/3 impacts network activity. Using 

patterned illumination as a tool to inject activity into groups of L2/3 neurons, I 

compared how photostimulation induced activity and sensory evoked activity 

interacted at the single-cell level. My results indicated that sensory stimulus input 

induces potent surround suppression, with only a very small fraction of the population 

appear to escape to this inhibitory pressure, and thus can contribute action potentials 

following stimulus input. Furthermore, surround photostimulation induced reliable 

suppression of sensory responses, with weakly sensory neurons and ipsilaterally-

tuned neurons appearing to receive stronger network suppression. These findings 

confirm that strong inhibitory network pressure in L2/3 dramatically shapes sensory-

evoked activity during behaviour, and competitive antagonism appears to dominate 

interactions between L2/3 pyramidal neurons. 
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7.2. RESULTS 
 

7.2.1. SENSORY INPUT DRIVES SURROUND SUPPRESSION 
 

Pairing exogenous patterned photostimulation with endogenous sensory input led to 

small but measurable changes in behaviour that were predicted by the small changes 

in overall network activity. However, a notable difference in photostimulation efficacy 

(i.e., evoked response size across the targeted neurons) was evident when 

photostimulation was paired with sensory input (TS+PS trials) compared with when 

photostimulation was delivered alone (PS trials). Both the amplitude of evoked 

responses, and the overall number of significantly activated targets, was larger on PS 

trials (Fig 6.3). Additionally, excitatory responses in the network following 

photostimulation was larger in the absence of sensory input.  Thus, it would appear 

that driving the network with whisker input, somehow suppresses the ability for 

photostimulation to drive L2/3 activity. 

 

To address this interpretation, I examined photostimulation triggered activity in the 

directly targeted neurons across photostimulation trials (PS), sensory and 

photostimulation combined trials (TS+PS) and sensory trials (TS; Fig 7.1a). To explore 

the interactions between sensory and photostimulation inputs at the single-cell level, I 

split the photostimulation target neurons into two non-overlapping groups, based on 

whether the neurons showed a significant positive response on sensory (TS) trials (Fig 

7.1b). For these purposes, I designate neurons that showed positive responses to TS 

input as ‘sensory-responsive’ (shown as green coloured neurons in Fig 7.1b), and 

neurons that showed no response on TS trials as ‘non-sensory’ (shown as white 

neurons in Fig 7.1b). Note that in this schematic targeted photostimulation neurons 

are shown with yellow lightning bolts. I first analysed the ‘non-sensory’ 

photostimulation group, characterised as receiving PS input but not TS input. I first 

pooled responses across both photostimulation A and B stimulation groups, to 

examine the general trend between photostimulation and sensory input. 
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Plotting the average evoked response across trial-types for non-sensory target 

neurons confirmed a drastic difference (approximately a 50% reduction) in evoked 

photostimulation response on TS+PS trials (magenta) compared with PS alone trials 

(cyan; Fig 7.1c). Evoked responses on TS trials (grey) showed a modest suppression 

response that did not account for this large suppressive effect (although of course 

measuring inhibition with calcium imaging can be challenging, and baseline firing rates 

in cortex are naturally very low). I quantified the average response (500 – 1000 ms) 

from stimulus onset, and compared the response sizes on TS, PS, and TS+PS trials, 

and the ‘expected’ response by linear addition of individual TS + PS trial responses 

Fig 7.1d). For non-sensory targets, the mean evoked response on TS trials was -0.01 

Figure 7.1  çSensory input suppresses evoked photostimulation responses in target neurons 

(a) Pixelwise STA maps are shown for an example FOV on TS (grey, left), PS (cyan, middle) and 
TS+PS (magenta, right) trials. (b) Neurons in the FOV were categorised into sensory and 
photostimulation-responsive based on their responses on TS and PS trials respectively. (c) Stimulus-
evoked average fluorescence traces for non-sensory photostimulation target neurons (white neurons 
with lightning bolts in b) on TS (grey), PS (cyan) and TS+PS (magenta) trials. (d) Quantification of 
evoked response size from data in (c). The white bar shows the expected sum based on individual 
responses to TS and PS trials. Evoked photostimulation responses in target neurons were 
significantly suppressed (P < 0.0001, paired Wilcoxon signed-rank test) on TS+PS trials relative to 
PS trials alone. (e) Shows the photostimulation response difference in target neurons as a pixelwise 
STA map.  
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± 0.01 DF/F (mean ± std) consisted with these neurons not receiving showing 

suprathreshold sensory-evoked activity. On PS trials, non-sensory target neurons 

showed reliable strong photostimulation-triggered activity as expected (PS response: 

0.24 ± 0.07 DF/F). On combined TS+PS trials non-sensory target neurons showed a 

reduced evoked responses that was highly significantly different from PS trials (TS+PS 

trials: 0.13 ± 0.07 DF/F; P < 0.00001), and drastically less than the expected linear 

separate sum of TS and PS trials (Expected sum: 0.23 ± 0.07; P < 0.00001). Pixelwise 

analysis, showing the average difference in somatic fluorescence in the raw imaging 

data also confirmed this result (Fig 7.1e; target neurons are suppressed and appear 

blue in the STA stamp). 

 

To assess whether the non-sensory target group suppression response (i.e., the 

difference between the measured and the expected response on TS+PS trials) could 

be related to the network response to sensory (TS) input, I compared the average 

responses in the non-targeted sensory neurons (green neurons without lightning bolts  

in Fig 7.1b) with the non-sensory target group suppression response. This analyse 

revealed a strong correlation between the magnitude of the network sensory 

Figure 7.2  ç Target group suppression correlates with sensory-evoked activity in the network 

 (a) Average target cell suppression, shown as the difference between expected and measured TS+PS 
input, is plotted against the mean evoked response in non-targeted network cells. Each data point 
represents a single experiment. (b) TS input triggers strong evoked whisking responses. Whisking 
activity is higher on TS+PS trials than on PS trials alone. Whisking activity is reduced on TS+PS miss 
trials compared to hit trials. (c) Comparison of evoked target cell activity across Catch, PS, TS+PS hit 
and TS+PS miss trials. Photostimulation responses on TS+PS hit and miss trials is significantly 
suppressed relative to PS alone. Response on miss trials is less than on hit trials. Bars show the 
mean, and shaded Errorbars show SEM. Statistical tests performed were two-tailed Wilcoxon signed-
rank tests, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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responses, and the corresponding suppression of the target photostimulation 

response (Fig 7.2a; r = -0.52; P < 0.001).  

 

Active whisking is known to profoundly impact L2/3 activity dynamics and can recruit 

strong feedforward cortical inhibition (Crochet and Petersen, 2006; Yu et al., 2019). 

Indeed, sensory evoked responses in whisker stimuli are greater when delivered 

during periods of quiet wakefulness compared with periods of active whisking (Crochet 

and Petersen, 2006; Gentet et al., 2010). As photostimulation alone does not drive 

whisking responses during the delay epoch, but sensory input does (on both TS and 

TS+PS trials), could this suppressive effect be mediated by a difference in whisking 

across trials? To examine this possibility, I compared whisking and photostimulation 

responses on TS+PS Hit trials with TS+PS Miss trials, where the evoked whisking 

pattern is significantly stronger on Hit trials (Fig 7.2b). Accordingly, if whisking 

recruitment of inhibitory circuits in L2/3 is driving the target suppression, then 

photostimulation target responses should be greater on Miss trials because of the 

relative difference in whisking. Contrary to this suggestion, evoked photostimulation 

responses in the non-sensory target group were in fact significantly weaker on TS+PS 

Miss trials compared with Hit trials (Hit: 0.13 ± 0.07 DF/F; Miss: 0.1 ± 0.06 DF/F; P < 

0.0001), confirming that the amplitude of evoked whisking does not appear to drive 

target group suppression. Indeed, the opposite is true, with target group activity 

appearing to follow the general population trend for larger responses on Hit trials 

(chapter 6). 

 

To explore whether target suppression could therefore be related to functional identity, 

I compared how evoked responses on TS, PS and TS+PS trials varied according to 

individual target ‘sensory-responsiveness’. For this analysis, I analysed both sensory 

and non-sensory targets, and defined a ‘sensory responsiveness’ metric according to 

evoked responses on TS trials. Each target neuron was assigned an AUC score 

according to how well and ideal observer could discriminate TS trials from Catch trials 

using the target neuron evoked response. This metric ranged from 0 to 1, with lower 

scores (< 0.5) indicating that neurons are suppressed on TS trials (relative to catch 

trials) and higher scores (> 0.5) indicating neurons that show larger responses on TS 
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compared with catch trials. The sensory responsiveness metric was adjusted to range 

from -1 to 1 multiplying the AUC score by 2 and subtracting 1. Neurons with positive 

scores therefore show positive responses on TS trials, with lower scores indicated 

suppressed scores on TS trials. Scores of zero indicate neurons that are not 

modulated by sensory input. 

 

Accordingly, I assessed the average evoked activity across different trials for all target 

neurons binned by sensory responsiveness (Fig 7.3a). Firstly, I confirmed that the 

sensory responsive metric aligned with average DF/F responses on TS trials (Fig 7.3a; 

grey line). Accordingly, neurons designated as highly sensory-responsive had larger 

evoked responses on TS trials, with increasing amplitudes associated with higher 

sensory scores. Likewise, neurons with negative scores showed decreasing negative 

DF/F values. This confirms that the sensory responsiveness metric accurately 

corresponds with evoked fluorescence responses on TS trials. Comparing responses 

on PS, TS+PS and the expected sum of TS and PS responses revealed a distinctive 

relationship between target sensory responsiveness and photostimulation response 

suppression (Fig 7.3a). Highly sensory-responsive neurons showed little responsive 

Figure 7.3  ç Network suppression of targets depends on target sensory response. 

(a) The average evoked response in photostimulation target neurons is shown neurons is shown on 
TS (grey), PS cyan and TS+PS trials (magenta). The black line shows the ‘expected’ summed 
response of TS (grey) and PS (cyan) responses. The average trial response in target neurons is 
binned according to target sensory responsiveness (on TS trials). (b) Sensory target neurons receive 
less network suppression. The relative difference between the measured and expected response on 
TS+PS trials is shown. The measured response is shown in magenta in (a), and the expected 
response is shown in black in (a). 
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suppression, with measured (magenta) and expected (black) response curves 

appearing to overlap. In contrast, neurons with lower, and negative sensory scores 

showed increasing strong response suppression.  

 

To highlight this difference, I calculated the relative difference between measured and 

expected response to TS and PS trials, and plot this against sensory responsiveness 

(Fig 7.3b). This revealed a striking dependence between photostimulation target 

response suppression and target sensory responsiveness, with strongly sensory 

neurons appearing largely protected from network suppression. Non-sensory neurons 

(scores of ~0) showed a 50% reduction in photostimulation evoked activity, whilst 

photostimulation responses in sensory-suppressed neurons (scores < 0) were nearly 

completely abolished by network suppression. This is a clear demonstration that a 

sparse subset of highly sensory active cells appear protected from network 

suppression, whilst the majority of non-response, or sensory-suppressed cells in the 

network receive potent local inhibition during sensory input. These findings indicate 

that neurons in the L2/3 population that show weaker, or non-existent, suprathreshold 

activity during whisker stimulation, are likely to be silenced through strong recruitment 

of inhibition, which cannot be fully recovered by photostimulation. 

Figure 7.4  ç Sensory responsive target neurons are less photostimulatable 

(a) The average evoked response in photostimulation target neurons is shown on PS only trials (from 
Fig 7.3a). Highly sensory responsive neurons appear to have weaker photostimulation triggered 
activity. (b) Quantification of the data is (a) is shown. The average evoked photostimulation response 
in sensory suppressed neurons (sensory responsiveness scores < 0) is shown in blue, and the 
average response for sensory active neurons (sensory responsiveness scores > 0) is shown in red. 
(c) The same as (b) but sensory responsiveness is quantified using average ΔF/F responses on TS 
trials. 
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7.2.2. SENSORY RESPONSIVE TARGETS APPEAR LESS RESPONSIVE TO 
PHOTOSTIMULATION 

 
On closer examination of the target response curves shown in Fig 7.3a, it appeared 

that the photostimulation response in the target neurons on PS (cyan) alone trials, 

appeared to decrease as sensory responsiveness increased. Neurons with negative 

scores, indicating strong suppression on sensory trials, appeared to have larger 

photostimulation-triggered responses when photostimulation was delivered in the 

absence of sensory input. By comparison, strongly sensitive responsive targets 

showed weaker responses. To quantify this relationship, I analysed the average 

photostimulation response in sensory suppressed target (scores < 0) and compared 

this to average responses in the sensory activated group (scores > 0). 

Photostimulation triggered activity was significantly greater in the lower (negative) 

responsive group compared with the higher (positive) responsive group (Fig 7.4b; 

sensory-suppressed group response 0.24 ± 0.08 DF/F; sensory-activated group 

response 0.21 ± 0.06; P = 0.003). The same result was obtained by dividing the targets 

into suppressed and active sensory groups based on a respective negative or positive 

evoked DF/F response (Fig 7.4c; sensory-suppressed group response 0.25 ± 0.08 

DF/F; sensory-activated group response 0.21 ± 0.06; P = 0.0001). One interpretation 

for this finding could be that highly sensory responsive neurons in L2/3 are less 

intrinsically excitable compared to non-sensory, or sensory-suppressed neurons, and 

therefore are harder to effectively drive with optogenetic stimulation. 

 

7.2.3. PHOTOSTIMULATION DRIVES SURROUND SUPPRESSION 
 

In addition to strong suppressive effect mediated by sensory-evoked network activity 

on photostimulation target responses, the inverse relationship was also observed, with 

photostimulated targets also exerting suppression on the surrounding L2/3 sensory 

network. In a complementary set of analyses, I analysed how responses in non-

targeted sensory neurons (i.e., green neurons within lightning bolts in Fig 7.1a) were 

impacted by surround photostimulation of the network (Fig 7.5). Non-targeted sensory 

neuron average evoked responses on TS trials were significantly suppressed by 
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surround photostimulation on TS+PS trials (TS response 0.12 ± 0.06 DF/F; TS+PS 

response 0.1 ± 0.06 DF/F; P < 0.0001). Pixelwise STA analyses again confirmed 

localised decreases in somatic fluorescence in the non-sensory target neurons on 

TS+PS trials relative to TS trials (Fig 7.5b). This means that sensory-evoked activity 

in the L2/3 network is larger on trials when photostimulation is not delivered. 

Figure 7.5  ç Surround photostimulation suppresses sensory evoked activity 

(a) Sensory responsive neurons in the FOV, were split into two groups according to whether they 
received direct photostimulation or not. The sensory neurons not targeted by photostimulation were 
designated as ‘Network’ neurons. The evoked response on TS, PS and TS+PS trials is shown for 
sensory ‘targets’ (left) and ‘sensory ‘network’ neurons (right). Network neurons showed significant 
suppression when sensory input was paired with photostimulation. (b) shows the pixelwise STA 
response difference on TS+PS trials and TS trials. Sensory network cells appear blue in the image 
indicating a decrease in somatic fluorescence. (c) The suppression of sensory activity in sensory 
network cells depends on the number of nearby photostimulation targets. Larger suppression occurs 
when surround photostimulation is greater. (d) The responses of all sensory network neurons are 
shown on TS (grey) and TS+PS (magenta trials). Neurons are binned along the x-axis according to 
sensory responsiveness. (d) The relative difference between TS responses and TS+PS responses 
(shown as the grey and magenta curves in (d)) is plotted against sensory responsiveness. Strongly 
sensory responsive neurons appear less suppressed (relative to baseline TS response) 
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To examine whether the suppression of sensory neuron activity was related to the 

strength of surround photostimulation, I analysed the relative change in sensory 

responses on TS vs TS+PS trials as a function of the number of proximal 

photostimulated targets. For each non-targeted sensory responsive neuron, I counted 

the number of photostimulated targets with a 200 um range from the cell body, and 

then assessed the relationship between sensory suppression (the difference in evoked 

response on TS vs TS+PS trials) and the number of local photostimulation targets (Fig 

7.5c). There was a weak, but significant relationship between sensory neuron activity 

suppression and local photostimulation strength, whereby sensory responses tended 

to be more suppressed if larger numbers of photostimulation targets were in the 

immediate vicinity (r = -0.1; P < 0.00001). Sensory neurons at greater distances from 

photostimulated neurons (i.e., with 0 ‘nearby’ targets) did not show suppressed activity 

on TS+PS trials. This implies that the functional ‘reach’ of disynaptic inhibition in cortex 

drops off between 150 – 200 ums.  

Next, I assessed whether the suppression of sensory activity, mediated by surround 

photostimulation, was dependent on the degree of sensory responsiveness of network 

cells. The average evoked response on TS (grey) and TS+PS (magenta) trials was 

calculated and plotted as a function of sensory responsiveness (Fig 7.5d). Not that as 

these neurons are classified as sensory responsive, all cells have positive sensory 

responsive scores. Surround photostimulation appeared to cause a uniform absolute 

downward shift (~0.02 DF/F) in sensory activity across the range of sensory neurons. 

However, more strongly responsive neurons, having larger evoked response 

amplitudes, naturally show a weaker relative change in response amplitude (Fig 5.7e). 

This would imply that the recruitment of inhibition via surround network activity appears 

to drive equal absolute suppression across the sensory responsive network, but that 

strongly sensory responsive neurons can still reliably contribute to network activity due 

to a strong initial sensory-driven response. 
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7.2.4. IPSILATERAL-TUNED NEURONS RECEIVE STRONGER NETWORK INHIBITION 
 

The final set of analyses aimed to relate these findings back to stimulus-selectivity, by 

assessing whether contralateral ‘Stim A’ and ipsilateral ‘Stim B’ tuned neurons 

received differential levels of network suppression. For this analysis, I examined 

network suppression as a function of stimulus-selectivity (whereby AUC scores < 0.5 

indicate a preference towards Stim B trials, and scores > 0.5 indicate a preference for 

Stim A trials). As previously discussed in earlier chapters, network activity on TS trials 

is strongly biased towards Stim A coding neurons, as Stim A represents the 

contralateral whisker stimulus. Accordingly, responses in Stim A neurons were larger 

than those in Stim B neurons on TS trials (Fig 7.6a; grey). On TS+PS trials (Fig 7.6a; 

magenta), surround suppression decreased sensory responses in both Stim A and B 

tuned neurons. This effect is highlighted in Fig 7.6b, which shows the absolute change 

in response across TS and TS+PS trials. This curve had a distinct inverted-U shape, 

indicating that the average absolute response suppression in Stim A and B neurons is 

greater than non-stimulus selective neurons (with have selectivity AUC scores of 0.5). 

Not that in this analysis, only neurons that were significantly active on TS trials were 

included, hence why the response curves in Fig 7.6a are notably shifted upwards of 

0. Similarly, to Fig 7.5e, calculating the relative change in activity showed that Stim A 

tuned neurons, which have larger baseline TS responses, showed a relatively small 

proportional change in activity compared with Stim B neurons. 

 

To attempt to address whether Stim A or B neurons receive differential suppression 

from surround photostimulation, I reanalysed these data and selectively subsampled 

neurons to match non-uniform TS baseline activity across the population (i.e., by only 

including neurons in the analysis that had a TS DF/F response within 0.1 – 0.2 DF/F). 

This allowed me to isolate the relationship between network suppression and stimulus-

selectivity by controlling the variation in baseline activity across the distribution. 

Accordingly, the subsample of neurons analysed showed a near flat TS baseline 

response (Fig 7.6d grey). The corresponding responses on TS+PS trials (Fig 7.6d; 

magenta), however, was not flat. Stim A-selective neurons showed both a smaller 

absolute (Fig 7.6e) and relative change (Fig 7.6f) in activity, whilst Stim B neurons 
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showed stronger suppression. Indeed, across the distribution, a gradient of 

suppression was observed from low scores (left) to high scores (right). This would 

appear to suggest that strongly tuned neurons, specifically selective for contralateral 

whisker input are less impacted by local inhibitory network pressure, whilst ipsilateral 

coding neurons are preferentially suppressed. 

 

 

Figure 7.6  ç Ipsilaterally-tuned network neurons receive strong network suppression 

(a) The responses of sensory network neurons on TS (grey) and TS+PS (magenta) trials are shown 
binned by stimulus-selectivity scores across the x-axis. Low stimulus-selectivity scores (< 0.5) indicate 
neurons that have larger responses on Stim B vs A trials, and high scores (> 0.5) indicate neurons 
with larger responses on Stim A vs B trials. (b) The absolute difference between responses on TS 
(grey curve in a) and TS+PS (magenta curve in a) is shown across stimulus-selectivity scores. (c) 
Shows the same as (b) but the relative change between TS and TS+PS trial responses. (d) Neurons 
contributing to the data shown in (a) were subsampled, by selecting responses with a 0.1 – 0.2 TS 
ΔF/F range, to control for nonuniform baseline TS activity across stimulus-selective neurons. 
Responses on TS trials for the subsample are shown in grey, with corresponding responses on TS+PS 
trials shown in magenta. (e) Shows the absolute response difference between TS ad TS+PS response 
curves shown in (d). (f) Shows the relative difference in TS and TS+PS responses shown in (d) 
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7.3. DISCUSSION 
 

7.3.1. RESULTS SUMMARY 
 

In this chapter, I utilised the ability to simultaneously record population activity and 

photostimulate small groups of L2/3 pyramidal neurons to investigate how interactions 

between distinct excitatory activity patterns interact at the circuit level. Sensory input 

to L2/3 recruited a potent suppressive effect on the surrounding non-sensory 

responsive neuron network. This was revealed by using patterned photostimulation to 

inject activity into ‘silent’ non-sensory responsive cells, and therefore raise the calcium 

fluorescence signal sufficiently to visualise network level surround suppression using 

two-photon calcium imaging. Only a very small proportion of the population (i.e., the 

highly sensory responsive neurons) appeared protected against this suppressive 

effect. Likewise, photostimulation of L2/3 also exerted a strong suppressive effect on 

the surrounding sensory network, with weaker responsive neurons, and ipsilaterally-

tuned neurons, appearing to receive stronger surround suppression. These findings 

indicate that strong inhibitory pressure in L2/3 profoundly influences stimulus-evoked 

responses and suggests functional antagonism between L2/3 neurons may dampen 

weakly responsive ipsilateral cells. 

 

7.3.2. SENSORY INPUT RECRUITS STRONG LOCAL L2/3 INHIBITION 
 

Cortical processing reflects dynamic and distinct coupling between excitatory and 

inhibitory circuits (Hofer et al., 2011; Isaacson and Scanziani, 2011a), and many 

experimental studies have shown that recruitment of inhibition profoundly dominates 

and gates suprathreshold sensory-evoked activity (Cardin et al., 2009; Gentet et al., 

2010; Haider et al., 2013; Kapfer et al., 2007; McCasland and Hibbard, 1997; 

Sachidhanandam et al., 2016). Recruitment of inhibition can occur through many 

separate pathways including via strong feedforward mechanisms from L4 and 

thalamus (Gabernet et al., 2005; Helmstaedter et al., 2008), and via lateral disynaptic 

mechanisms in L2/3 (Avermann et al., 2012; Jouhanneau et al., 2018). Understanding 
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the specific contributions of feedforward, feedback and lateral inhibition to 

sensorimotor processing during behaviour is essential for dissecting cortical 

computation.   

A classical way to probe circuit-level functional inhibition in the whisker system has 

been to measure surround suppression by recording single-neuron responses to 

principle whisker (PW) stimulation, and examine how evoked PW responses change 

following additional stimulation of adjacent whiskers (Brumberg et al., 1996; Goldreich 

et al., 1998; Simons, 1985), or contralateral whiskers (Shuler et al., 2001; Wiest et al., 

2005). Stimulation of adjacent (and contralateral) whiskers exerts a strong 

suppressive effect on PW evoked response, that decreases as the distance between 

paired whiskers stimuli on the snout increases (Brumberg et al., 1996; Sachdev et al., 

2012; Shuler et al., 2001).  

This implies that some level distance-dependence governs competitive interactions 

between stimulus-coding ensembles, as stimulating pairs of whiskers that are further 

apart (in both whisker space and by extension cortical space) appear to show less 

functional antagonism. Furthermore, recruiting more whiskers into the stimulation 

triggers stronger suppressive effects in the PW column (Brumberg et al., 1996). Multi-

whisker inhibitory interactions are notable absent in both first order afferents (Simons, 

1985) and thalamocortical neurons (Brumberg et al., 1996; Carvell and Simons, 1987; 

Simons and Carvell, 1989), implying this phenomenon is cortical in origin. Indeed, fast-

spiking interneurons in the principal whisker column show larger evoked responses 

following multi-whisker stimulation compared with single whisker stimulation 

(Brumberg et al., 1996), consistent with the many observations that cortical 

interneurons show dense connectivity with local pyramidal neurons and subsequently 

broad receptive fields (Bruno and Simons, 2002b; Hofer et al., 2011; Holmgren et al., 

2003; Kerlin et al., 2010; Packer and Yuste, 2011). 

In this chapter, I highlight the utility of patterned photostimulation as a tool for revealing 

surround suppression in L2/3 barrel cortex by measuring summation of sensory and 

photostimulation input. Driving L2/3 neurons with  photostimulation caused reliable 

triggered-activity in the absence of afferent network input. However, when paired with 

sensory stimulation, the efficacy of photostimulation, in both the target neurons and 
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the local network, was drastically curtailed. Moreover, only strongly sensory 

responsive target neurons, that presumable receive net positive synaptic drive and 

strong positive photocurrents, showed linear integration responses to sensory and 

photostimulation input. The vast majority of the non-sensory responsive 

photostimulated target neurons were revealed to receive potent sensory-evoked 

suppression, with evoked photostimulation triggered activity cut by half on average. 

Thus, these cells are not just simply ‘silent’ because they receive a lack afferent drive 

(although this of course could contribute), they are silent by means of potent 

suppression. 

Notably, there are several possible combinatorial sources for the strong sensory-

evoked network suppression reveal through patterned photostimulation in my 

experiments. First and foremost, as discussed multi-whisker stimulation (used during 

the delayed-response task) is known to recruit strong surround suppressive effects 

though increasing local interneuron output (Brumberg et al., 1996; Goldreich et al., 

1998; Simons, 1985). Secondly, strong feedforward recruitment of inhibition from L4 

and thalamus profoundly impact L2/3 excitatory responses (Bruno and Simons, 

2002b; Cruikshank et al., 2007; Feldmeyer et al., 2018a; Helmstaedter et al., 2008). 

Thirdly, strong coupling between L2/3 pyramidal neurons and PV interneurons 

mediates recruitment of local interneurons, which provide feedback and lateral 

inhibition on surrounding excitatory cells (Avermann et al., 2012; Mateo et al., 2011; 

Packer and Yuste, 2011; Yu et al., 2019). Finally, inter-hemispheric suppression via 

the corpus callosum is known to also drive strong inhibitory interactions during bilateral 

whisker stimulation (Shuler et al., 2001; Wiest et al., 2005). Indeed there may also be 

frequency-dependent changes in synaptic input, occurring during vibrotactile whisker 

deflection, that also contribute to the activity dynamics during task performance and 

targeted photostimulation experiments (Musall et al., 2014). 

It should also be noted that arguably my experimental task design, whereby the 

functional and structural plasticity associated with whisker trimming is avoided, mice 

receive bilateral multi-whisker input, and are awake and actively engaged in a complex 

sensory discrimination task, is far more ethologically natural compared with the large 

proportion of previous work assessing function inhibition in barrel cortex using 
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anaesthetised preparations and employing whisking trimming. Therefore, the 

observations of strong, presumably multi-source, inhibitory mechanisms, that likely 

work in concert to enforce to ensure sparse and reliable sensory coding, are inherently 

and naturally engaged during ethological behaviours. 

 

7.3.3. PHOTOSTIMULATION DRIVES L2/3 SURROUND SUPPRESSION 
 

It appears that surround suppression is a conserved circuit motif conserved across 

many primary sensory systems (Lakunina et al., 2020; Ozeki et al., 2009; Sachdev et 

al., 2012; Sengpiel and Vorobyov, 2005), However whilst surround suppression is a 

definitive cortical phenomena, to what degree is it driven by local L2/3 mechanisms,  

L4 feedforward mechanisms or both? Here, I demonstrate that targeted stimulation of 

L2/3 neurons drives robust suppression effects on local sensory responses, 

confirming that small ensembles of L2/3 pyramidals can exert strong network impact 

by recruit strong local inhibition. Thus patterned illumination can be used flexibly drive 

‘artificial’ surround suppression to probe functional interactions between functionally-

defined groups of neurons (Chettih and Harvey, 2019; Daie et al., 2021; Fan et al., 

2020; Russell et al., 2019). 

By examining how photostimulation-triggered activity impacted the surrounding non-

targeted network, my findings point to several intriguing insights into the functional 

organisation of L2/3 barrel cortex. Firstly, it appeared that weakly sensory responsive 

neurons receive proportionally stronger surround suppression, which could be a 

mechanism for increasing the ‘principal whiskerness’ of the stimulus representation in 

L2/3 (Brumberg et al., 1996; Kyriazi et al., 1996). Such a mechanism could play an 

important role in enhancing tactile whisker stimulus detection and discrimination in the 

face of ongoing spontaneous activity for example. 

Moreover, photostimulation-mediated suppression exhibited a weak but clear inter-

somatic distance dependence. Sensory responsive neurons located further from 

photostimulation ‘hotspots’ appeared largely protected from suppression. This implies 

that the functional reach of lateral inhibition in L2/3 likely drops off with distance, 
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consisted with decreasing connection probability between excitatory and inhibitory 

neurons in cortical space (Avermann et al., 2012; Levy and Reyes, 2012; Packer and 

Yuste, 2011). This is also analogous to the observation that multi-whisker suppression 

interactions are strongest for directly adjacent whiskers (Brumberg et al., 1996; 

Simons, 1985). 

 

7.3.4. SENSORY RESPONSIVE NEURONS ARE LESS RESPONSIVE TO PHOTOSTIMULATION 
 

Much remains to be determined regarding the cellular and synaptic mechanisms that 

determine the heterogeneity of sensory-evoked response sizes in L2/3 (Crochet et al., 

2011; Elstrott et al., 2014; de Kock et al., 2007; Lefort et al., 2009; O’Connor et al., 

2010; Olshausen and Field, 2004; Petersen and Crochet, 2013a; Trojanowski et al., 

2021). In the absence of network inhibition, large sensory responses could be 

mediated through hyperexcitability (Brennan et al., 2020), recurrent connectivity with 

similar-tuned neurons (Cossell et al., 2015), or perhaps driven by rare but strong 

synaptic inputs (Lefort et al., 2009). In my experiments, responsiveness to 

photostimulation input showed a clear negative dependence on responsiveness to 

sensory input. This would suggest that highly sensory responsive neurons may be less 

biophysically excitable, or perhaps have a higher action potential threshold and/or a 

lower resting membrane potential. Indeed, this interpretation is supported by 

physiological recordings showing that excitatory synaptic input positively predicts 

response amplitude, but evoked response size is inversely correlated with intrinsic 

excitability in L2/3. By using loose-seal recordings in slice, and stimulating L4 to 

provide afferent input, the strongest responsive neurons in L2/3 were shown to have 

the lowest intrinsic excitability, highest spike thresholds, but received the strongest 

synaptic drive from L4 (Barz et al., 2021; Elstrott et al., 2014). Thus, it would appear 

that inherent responsiveness to whisker input (at least for a simple volley-like stimulus) 

may larger influenced by L4 synaptic input. 
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7.3.5. CONCLUSION 
 

Whilst perturbation studies are essential for probing links between neural activity and 

behaviour, they are also highly valuable opportunities for exploring the functional 

dynamics between network excitation and inhibition properties (Chettih and Harvey, 

2019; Daie et al., 2021; Kwan and Dan, 2012; London et al., 2010; Sadeh and Clopath, 

2020). As most neurons in cortex show very low baseline firing rates, and sensory 

stimuli evoke sparse population responses, it is difficult to reveal how inhibition is 

imposed on the surrounding network using a supra-threshold based imaging method 

like calcium-imaging. In this chapter I have highlighted the advantages of using pattern 

photostimulation as a tool to both reveal and impose surround suppression inhibitory 

dynamics on L2/3 in barrel cortex during sensorimotor behaviour. Using this approach, 

I have demonstrated that ‘silent’ sensory neurons, which do not appear responsive to 

sensory stimulation, are maintained under strong whisker stimulus-evoked surround 

suppression, and only a small fraction of the total population appear to receive enough 

drive to contribute suprathreshold responses.  

I also present intriguing findings that indicate highly-sensory responsive neurons may 

be less intrinsically excitable, as they have weaker photostimulation-triggered 

responses on photostimulation only trials. In line with existing findings this would imply 

that highly sensory-responsive subnetworks of cells must therefore receive stronger 

afferent input, or possess specific synaptic connectivity patterns, in order to reliably 

fire action-potentials following whisker stimulation. Indeed, tentative results from 

analysing the effects of suppressive surround photostimulation on network activity 

appears to imply that highly sensory responsive neurons, i.e., those neurons tuned to 

contralateral whisker input, may receive less net suppression from inhibitory 

mechanisms in L2/3. This could imply that the impact of lateral inhibition on L2/3 

neurons may show some degree of functional specificity, through which ipsilateral 

whisker coding neurons are selectively dampened in favour of contralateral 

responses. This is in line with my imaging experiments, and other electrophysiological 

records showing inter-hemispheric antagonism. Such a mechanism could likely play a 

role in increasing intracortical saliency to contralateral sensory space under complex 
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and ‘noisy’ bilateral input conditions, supporting accurate perceptual representations 

of tactile space when sensory cues are weak. 
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8. GENERAL DISCUSSION AND OUTLOOK 
 

8.1. RESULTS OVERVIEW 
 

The central theme pervading this thesis has been the goal of contributing new insight 

into the neural circuit mechanisms that support perceptual function. Accordingly, I 

have presented a combined approach of behavioural, recording and manipulation 

experiments designed to probe the function of the mouse vibrissal system. 

In Chapter 3 I trained mice to detect, and report brief lateralised single-whisker tactile 

input with a two-choice behavioural readout and performed loss and gain-of-function 

experiments to assess the role of barrel cortex in stimulus detection. By silencing 

unilateral cortex with muscimol, mice failed to detect subsequent contralateral whisker 

trials. Functionally complementary experiments showed that optogenetic activation of 

unilateral barrel cortex was sufficient to evoke directional licking in the absence of 

afferent whisker input and in the absence of positive reinforcement. Counterbalancing 

the left / right stimulus-response contingency across mice confirmed that the evoked 

lick bias was predicted by the preferred stimulus, and not preferred lateralised lick 

response, of the activated hemisphere.  

 

In Chapter 4, I extended the stimulus design to invoke true cross-hemispheric 

perceptual comparison decisions. Mice showed highly sensitive perceptual ability to 

discriminate sub-millimetre differences in lateralised tactile input and were implicitly 

able to perform with high-accuracy on discrimination trials on the first session given 

strong unilateral detection priming during task learning. By manipulating the temporal 

interval of the bilateral psychophysical threshold stimulus (TS), I showed that 

sensorimotor transformations happen rapidly, with strong biases aligning to the 

leading tactile side and behaviour saturating at 100 ms. Mice therefore appear to 

weight early, rather than late, sensory evidence during task performance, and commit 

to behavioural choices ~250 ms before reaction times are measured. Within this 

critical sensory integration window, I tested how bidirectional modulations of barrel 
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cortex influenced choice bias and decision-speed at the psychophysical threshold. 

Photoinhibition evoked a strong ipsilateral whisker bias, which showed a strong 

temporal dependence on optogenetic delay. Photoinhibition impact was largest when 

simultaneous with whisker input and had no impact on behaviour when delivered 100 

ms after TS input. Comparatively, weak, subthreshold optogenetic photoactivation had 

the strongest impact on behaviour when delivered with a short delay (50 ms) relative 

to TS input, implying strong temporal coupling between sensory and optogenetic 

activity triggers a co-operative interaction that has perceptual salience. Unilateral 

photoactivation and photoinhibition exerted inverse effects on reaction times to the 

preferred stimulus, with the counter effect seen for the non-preferred stimulus. This 

implies some level of interhemispheric functional antagonism. 

 

In Chapter 5 I adapted the task for two-photon calcium imaging experiments by adding 

a short delay between sensory and response epochs. To facilitate robust learning, I 

replaced single-whisker input with multi-whisker deflections. This conveniently 

naturally avoids inducing structural and functional changes in L2/3 through partial 

whisking trimming, although the interpretation of imaging results with regards to the 

conventional ‘principal barrel’ single-whisker framework pervasive in barrel cortex 

research becomes slightly blurred. L2/3 barrel cortex cells showed mixed selectivity 

for contralateral and ipsilateral whisker input, with highly-tuned cells showing tuning 

for deflection intensity. Neurometric analysis of both ipsilateral and contralateral-tuned 

neurons showed strong, but inverted, correspondence with psychometric 

discrimination with respect to the preferred (contralateral) stimulus. There was no 

strong evidence of Choice Probability (CP), in either contralaterally or ipsilaterally-

tuned neurons, or at the population level. However, trial-evoked whisking could swamp 

a week and transient signal, and furthermore, mice showed a strong reward-history 

biases, and lickport preferences, which dominated behavioural choices on TS trials. It 

therefore appears that non-sensory factors guide decisions under uncertainty, which 

may reduce trial-to-trial fluctuations between cortical activity and choice. 

Interhemispheric bilateral stimulus interactions were exclusively suppressive, with 

ipsilateral-tuned neurons being effectively silenced by contralateral input, and 
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contralaterally-tuned neurons showing a much weaker response reduction with paired 

ipsilateral whisker deflection. 

 

In Chapter 6, I performed targeted optogenetics experiments, and selectively activated 

small ensembles of L2/3 neurons that showed a tuning bias towards ipsilateral or 

contralateral whisker input. Photostimulation-evoked choice bias did not appear 

strongly coupled to target group identity but showed a strong dependence on the 

overall number of activated photostimulation targets. This effect was present when 

comparing photostimulation with non-photostimulation trials, and when comparing 

across the two separate photostimulated conditions. This is strong evidence that small 

differences in evoked activity (within a narrow range of ~20 neurons) can have 

perceptual impact during multi-whisker lateralised discrimination, which is remarkable 

given that multiple whiskers (on both sides of the face) receive tactile stimulation, and 

therefore likely 1000s of neurons across many barrels bilaterally are engaged by the 

stimulus. Furthermore, photostimulation-bias appeared predominantly driven by un-

tuned target neurons, suggesting non-stimulus cells in cortex can contribute in a 

surprisingly big way to stimulus-guided behaviour. This likely has a basis in the 

lateralised hemispheric nature of the task design. The effect of cortical activation also 

appeared coupled to behavioural decision-making strategy, with stronger biases 

towards the preferred stimulus occurring in mice that were less influenced by reward 

history. 

 

In Chapter 7, I analysed the interactions between photostimulation and sensory-

evoked activity. This was motivated by the interesting observation in the behavioural 

stimulation experiments that some photostimulation trials caused net population 

suppression, and therefore appeared to drive biases towards the non-preferred 

whisker stimulus. Analyses revealed clear signs of antagonism between the non-

overlapping groups of target and sensory neurons. I used the difference between the 

linear summed response to sensory and photostimulation input compared with the 

measured sensory + photostimulation response as tool to functional suppression. I 

probed whether the specificity of suppression in target and network cells related to 

stimulus-responsivity and stimulus-tuning. The first interesting finding was revealed by 
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assessing how sensory input impacted photostimulation responses. Photostimulation 

evoked responses were drastically suppressed by activation of the surrounding 

network, with only very highly sensory-tuned target cells appearing robust to the effect 

of network suppression. Using patterned illumination to reveal surround suppression 

in L2/3, results suggest that silent sensory cells are silent by virtue of potent inhibition 

from the network. Next to examine the inverse relationship, I assessed how surround 

photostimulation impacted sensory responses, and show that weakly sensory neurons 

(which tend to be ipsilaterally-tuned neurons) receive greater surround suppression 

compared with highly sensory contralateral preferring cells.  

 

8.2. FUTURE DIRECTIONS 
 

Laboratory behavioural tasks often used fixed and repetitive task conditions to assess 

the transformation from stimulus to action. Whilst this helps accumulate large numbers 

of trials, which will help identify small statistical effects, natural decisions made during 

ethological behaviours are dynamic and flexible. Flexible decision-making is crucial 

for enabling adaptive behaviour to sudden changes in environmental conditions. The 

experiments presented in this thesis were performed in set of mice trained on one of 

two possible sensorimotor contingencies. Several interesting behavioural differences 

we observed between symmetric and asymmetric task contingency mice relating to 

reaction time and perceptual decision-making speed and warrant additional 

investigation. To probe these differences, which presumably reflect some level of inter-

hemispheric conflict when the stimulus-response vector is inverted, an extremely 

valuable modification to the behavioural paradigm would be to train mice to perform 

contingency switches. Such a task design has rarely been reported in head-fixed mice, 

with studies favouring simpler Go/Nogo reversal learning paradigms, whereby the 

value assigned to a given stimulus is changed (Banerjee et al., 2020b; Chéreau et al., 

2020). 

 

Remarkably, pilot behavioural training experiments confirm that mice can reliably learn 

to switch between symmetric and asymmetric task contingencies across different 
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training days (Fig 8.1) and appear to improve their ability to recover from contingency 

switches with increased experience (Fig 8.1d,e,f,g). Remarkably, mice can also 

reliably switch contingencies within single training sessions (Fig 8.2). After performing 

100 trials in a given contingency, the contingency is switched (uncued), following the 

switch performance is dominated by perseverative errors, which decrease across 

~150 following trials as the previous sensorimotor plan is inverted. This type of task 

design will be extremely valuable for probing the circuit mechanisms of flexible 

sensorimotor behaviour and combining this task with cortex-wide imaging could 

provide fascinating insights into how sensory input is routed, and  re-routed, across 

the cortex during flexible sensorimotor remapping.  

 

The availability of meso-scale large FOV microscopy systems, and volumetric imaging 

devices, could also permit inter-areal (e.g., simultaneous imaging of S1 and S2) cross-

laminar recordings which would prove valuable for understanding the neural 

processes that enable rapid sensorimotor remapping. Additionally, Neuropixels 

probes (Jun et al., 2017) could be inserted into left and right hemispheres, into different 

cortical areas, to provide a more complete account of the inter-hemisphere processes 

that mediate task-switching. Such a behavioural paradigm, together with the ever 

increasing range of experimental recording tools, opens lots of new and exciting 

avenues to study dynamic sensory processing. 

 

In addition, further improvements to the ‘all-optical’ experimental framework can be 

made by improving the sensitivity of activity readout with voltage sensitive 

fluorescence reporters (Adam, 2021; Peterka et al., 2011), and incorporation of 

increasingly sensitive and powerful optogenetic actuators (Mardinly et al., 2018; 

Marshel et al., 2019). The availability of these new probes will herald a new era of all-

optical electrophysiology (Adam, 2021; Fan et al., 2020), through which we can probe 

the interactions between neural activity, sensory processing and behaviour at the level 

of subthreshold membrane dynamics. The recent development of closed-loop all-

optical systems further promises to offer ground-breaking methods to study of neural 

coding during behaviour (Zhang et al., 2018).  
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Figure 8.1  ç Mice can switch contingencies across days 

(a) Mice were trained to alternate between the symmetric and asymmetric task contingencies. (b) Training 
protocol for switching task. (c) Example trial structure. (d) Training history across switching session for an 
example mouse. Symmetric training sessions are shown in green, asymmetric in orange. Performance in 
each training session is split into quartiles. Dashed vertical lines indicate across day switches in contingency. 
(e) Contingency switching performance increases with training. Number of training sessions required to 
successfully switch contingency vs training experience. Performance across training is binned into novice 
(cyan), intermediate (yellow) proficient (magenta) and expert (black) according to training history. (f) Ability 
to recover from contingency switches within a single session improves across training. The performance on 
the last 100 from the previous day is shown from -100 to 0, and performance on the switch day is shown 
from 0 to 300. Performance is binned by performance group shown in (e). (g) Average performance 
quantified on the first trial block (20 trials) of a switch session across training. (h) Lick plots from an example 
mouse (sessions 10, 11 and 12 in d) across three consecutive contingency switching sessions. Day 10 
shows performance on symmetric, day 11 on asymmetric and day 12 on symmetric. Trials are plotted 
chronologically along the x-axis, with reaction time plotted on the y-axis. Lick responses are coloured 
red/blue for lickport A/B. The green/orange lines show rolling performance across the session.   
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Figure 8.2  ç Mice can  switch contingencies within a single session 

(a) A lick raster plot showing an example mouse performing a successful within-session contingency 
reversal. Mice performed 100 baseline trials in one contingency (asymmetric in the example shown), 
and then the contingency was switched (to the symmetric contingency). The switch was not cued. 
Performance initially drops due to perseverance of the pre-switch condition, but remarkably recovers 
as the mouse switches to the new stimulus-response pairing over ~150 trials. Trials are plotted along 
the horizontal axis, and reaction time is plotted on the vertical axis. The trial-type and trial outcome is 
indicated by the green/black bars at the top of the figure. (b) The average group performance is shown 
across asymmetric to symmetric contingency switches within sessions. Note the use of a rolling average 
window for performance gives the illusion of better task performance immediately after a switch than is 
actually the case. (c) The same as in (b) but showing symmetric to asymmetric contingency switches. 
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8.3. CLOSING REMARKS 
 

Spatiotemporally patterns of spontaneous, sensory and task-evoked excitation are 

profoundly determined by the synaptic interplay between excitatory and inhibitory 

microcircuitry (Isaacson and Scanziani, 2011b). Does inhibition purely play a role in 

stabilising activity levels, which is likely an important requirement in highly recurrently 

connected excitatory networks, or does it serve a greater function? The staggering 

diversity of the cortical interneuron population inherently suggest the latter (Ascoli et 

al., 2008). Ultimately, the interactions between excitatory and inhibitory neurons, 

which form stereotyped circuit motifs, dictate cortical coding, neural computation and 

signal flow (Harris and Mrsic-Flogel, 2013). In many cases, tipping the balance 

between cortical excitation and inhibition can have predictable outputs on perceptual 

behaviour (Guo et al., 2014a; Kwon et al., 2016; Sachidhanandam et al., 2013, 2016). 

However, in others cases activation of interneurons appears to counterintuitively help 

perception (Houweling and Brecht, 2008; Tanke et al., 2018). To reconcile these 

findings, we need a full description of the synaptic organisation of excitation and 

inhibition, particular at the level of distinct cellular sub-types, and a subsequent 

understanding of how these motifs implement the algorithms that drive behavioural 

processes.  

The advent of new optical technology for simultaneous two-photon imaging and 

patterned photostimulation has transformed how we study the link between cortical 

activity and behaviour. By enabling concurrent measurement and manipulation from 

the same population of neurons, combined with precise spatiotemporal control over 

the targeted neurons, we can now directly test theories of neural coding in cortical 

circuits (Packer et al., 2015; Panzeri et al., 2017; Rickgauer et al., 2014). In this thesis, 

I describe one of the first attempts to combine an all-optical strategy with a 2AFC 

perceptual task to probe the circuit mechanisms for sensory perception in barrel 

cortex.  My results are largely consistent with many recent studies showing that small 

numbers of optogenetically targeted neurons can exert strong effects on behaviour 

(Carrillo-Reid et al., 2019; Daie et al., 2021; Dalgleish et al., 2020; Marshel et al., 

2019), yet distinct in that I did not find an predictive relationship between target neuron 
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stimulus-tuning and photostimulation-evoked bias. Instead, it appears that a small 

fraction of un-tuned neurons in L2/3 can in fact contribute sufficient activity to invoke 

perceptual biases, and in some cases can drive strong surround suppression to inhibit 

the network and suppress sensory processing. These results are consistent with the 

broader consensus that an instantaneous spike-count code in barrel cortex underlies 

tactile perception of whisker input (Gerdjikov et al., 2010, 2018; O’Connor et al., 2013; 

Waiblinger et al., 2015), particularly when input constitutes a simple touch event 

without a complex textural or temporal dimension, and that to reach perceptual 

threshold for detection requires sufficient cortical activity accumulation (Gold and 

Shadlen, 2007). These findings add important insights into our understanding of L2/3 

dynamics and highly sensitive population coding during sensorimotor behaviour, and 

showcase the powerful experimental approach of combined all-optical methodology 

and behavioural psychophysics 
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Appendix  

PyBehaviour behavioural control software 

The user interface for ‘PyBehaviour’ behavioural control software interfaces with an Arduino 
microcontroller, allows for easy and flexible programming of behavioural task design. The association 
matrix allows designation of specific stimulus channels, psychometric ‘variations’ reward lines, trigger 
and cue pins. Configuration matrices can be saved, and pre-loaded in via the ‘Session’ panel, and 
subject ID notes, and number of session trials can be added. Subject ID string is automatically appended 
to behavioural data files which were outputted as .mat Matlab structures. Pre-made trial sequences can 
be loaded in via the ‘Trial order’ panel, or random sequences can be generated with user selected 
stimulus/trial frequencies. Blocked trials sequences can be generated and created trial sequences can 
be saved out for future use. https://github.com/llerussell/PyBehaviour 
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Photostimulation group design software 

Near automatic photoactivation response mapping ‘NAPARM’ software was used to design 
photostimulation groups, generate SLM phasemasks, calculate galvanometer mirror offset, and design 
trial and stimulation sequence parameters. The top panel shows the protocol for fast mapping of 
photostimulation responses across the FOV population. A st-C1V1 image is shown in the GUI, and pixel 
coordinates corresponding to C1V1 expressing neurons are detected and selected semi-automatically. 
These targets (~350 per FOV) are clustered into 7 groups of 50 neurons, and each a SLM phasemask 
is generated for each pattern. The coloured ‘starbursts’ represent the 7 clustered target groups, with 
the number pattern cluster showing the xy location of the photostimulation galvanometer mirror offset. 
NAPARM generates an SLM phase mask sequence, and corresponding trigger sequence, which is sent 
to the all-optical microscope system to trigger photostimulation trial sequences. The bottom image 
shows the design of an example behavioural stimulation experiment. The two clusters represent the 
pixel locations of stimulus-tuned photostimulation Target Group A and B neurons, which were selected 
based on calcium imaging data analyses. The xy pixel locations corresponding to the ROI target 
locations from functional analysis are loaded straight into NAPARM, and a phasemask sequence and 
trial-trigger sequence is generated. https://github.com/llerussell/Naparm 
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Suite2p processing of calcium imaging data 

The python Suite2p release (github.com/MouseLand/suite2p) was used to process all calcium imaging 
data. The top panel shows all the specific parameters used to process, register, segment and extract 
calcium fluorescence signals from L2/3 ROIs. The bottom panel shows an example image of the manual 
ROI curation GUI. Only neurons with somatic shapes were included in analysis. The ROIs on the left 
show clear somatic profiles, whereas the ROIs on right were discarded from analysis – due to abnormal 
or dendritic/axonal morphologies. 
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