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ABSTRACT

This thesis addresses the fundamental question of the relationship between
cortical activity and perception, which remains one of the most challenging
problems in neuroscience. Optogenetic and microstimulation experiments have
provided evidence for a causal role of bulk activity in specific brain areas in biasing
perception and have elicited detectable artificial percepts in the absence of
sensory stimuli. Nevertheless, the number and functional identity of the stimulated
neurons which were responsible for modulating behaviour are almost completely
unknown. To make causal links between activity in neural circuits and behaviour
necessitates more sophisticated methodology that allows the experimenter
precise control over the spatial and temporal patterns of neural activity in the
intact brain. In this thesis I describe the development of an ‘all-optical’ strategy for
simultaneously manipulating and recording the activity of hundreds to thousands
of neurons with unprecedented resolution in vivo. I combined two-photon
optogenetic activation and two-photon calcium imaging of neuronal populations
by coexpressing a red-shifted opsin with a genetically encoded calcium indicator
in the same neurons. A spatial light modulator (SLM) allows groups of functionally
characterised neurons to be holographically targeted for spatiotemporally precise
optogenetic activation, while simultaneous calcium imaging provides networkwide readout of the manipulation. I further refined this approach by implementing
online fast calcium imaging analysis directly linked to SLM programming in a
feedback loop, allowing closed-loop manipulation of activity patterns in neural
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circuits. Finally, I harnessed this ‘all-optical’ approach in the visual cortex of mice
performing a visual detection task. Only activation of groups of cells with similar
tuning to the relevant visual stimulus led to a measurable bias of detection
behaviour. Moreover, the behavioural effects depended on overall performance:
when the task was challenging for the mouse, V1 activity was more closely linked
to performance, and cortical stimulation boosted perception. In contrast, when the
task was easy, V1 activity was less informative about performance and cortical
stimulation suppressed stimulus detection. These results thus help to reconcile
contradictory findings about the involvement of primary sensory cortex in
behavioural tasks, suggesting that the influence of cortical activity on behaviour is
dynamically reassigned depending on the demands of the task.
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IMPACT STATEMENT

How does the brain work? The answer to this question – which will involve
‘cracking the neural code’ – will have far-reaching impact. By understanding how
the brain functions under normal conditions we can better understand the
mechanisms for dysfunction in disease. By identifying the rules by which
information is processed, memories are stored, and decisions are made we can
design more advanced neural prosthetics – brain machine interfaces (BMIs) – to
treat disease and restore lost functions. A distant possibility will be the
augmentation of normal human abilities with synthetic assistance. Artificial
intelligence (AI) is already widespread in modern life and is currently undergoing
an explosion of development. The fields of neuroscience and AI research are
complementary and synergistic, and by better understanding our own brain we can
build better artificial ones, which can in term accelerate the field of biological
neuroscience. Better AI has the potential to change the way all fields of scientific
research operate.
To make headway in ‘cracking the neural code’ – the rules by which the brain
operates – we need to be able to read and write specific and precise patterns of
activity into neural circuits of the brain. In this thesis I have developed a method
to record and manipulate neural activity in the cortex of awake, behaving mice
using light with unprecedented resolution. Light delivery to the brain is noninvasive and flexible, and using different wavelengths of light we can
simultaneously read and write activity to populations of hundreds of cells, while
6
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being able to target single cells. This approach leverages recent revolutions in
neuroscience: the use of genetically engineered proteins to enable reading and
writing of activity in specific groups of neurons in the brain. By using advanced
optical techniques it is possible to deliver holographic patterns of light, allowing
simultaneous

recording

and

stimulation

of

arbitrary

three-dimensional

configurations of identified neurons in the brain of awake, behaving mice. I have
applied this method to begin understanding the roles served by different groups
of cells in different brain regions during behaviour, using visual perception as a
test case. As part of the work described in the thesis, I have performed
comprehensive technical development of both hardware and software tools to
calibrate and use the system. These tools have been released, open source, free
for use and modification by the research community.
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This thesis comprises my work in the Neural Computation (Hausser) lab through
the years of 2013 to 2019. The thesis will begin with an introduction discussing
systems neuroscience in the context of how perception arises through the activity
of groups of cells and the techniques used to record and perturb that activity. The
overarching theme of this thesis is the development and application of a new
technique to selectively and specifically perturb the activity of some cells whilst
recording the activity of them and other cells. This experimental work is organised
into three main chapters. The first two of these chapters are methods-focussed
and are already published. The final chapter utilises this new method in animals
performing a behavioural task. The main chapter descriptions and my
contributions to them are as follows:

o Chapter 2: Simultaneous all-optical manipulation and recording of neural
circuit activity. This chapter describes the development of our ‘all-optical’

method. I performed surgeries, experiments and developed the calibration
and execution software. Hardware was built by Adam Packer and John
Rafter (Bruker). I performed the all-optical experiments, the data analysis
and made all figures. Adam Packer performed cell-attached recordings.
Henry Dalgleish contributed figure 2.2 (expression timeline) and 2.3
(calibration of spike inference) and helped with experiment 2.14
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(photostimulating whisker-responsive cells) as well as helping with
surgeries for other experiments. This work has been published:
Simultaneous all-optical manipulation and recording of neural circuit activity with cellular
resolution in vivo.

Adam Packer, Lloyd Russell, Henry Dalgleish & Michael Hausser
Nature Methods vol. 12, p140-146 (2015)

o Chapter 3: Closed-loop all-optical interrogation of neural circuits. This
chapter details the extension of our all-optical method into the realm of
online, or ‘closed-loop’ execution. I built the prototype hardware and
software that performed the major functions to ‘close the loop’ between
imaging and the stimulation. I performed proof of principle experiments. I
then supervised Zihui Zhang to optimise the software and perform
additional experiments using animals prepared by myself and Oliver Gauld.
Adam Packer performed cell attached recordings. Data analysis, figure
preparation and manuscript writing were done with my supervision. This
work has been published:
Closed-loop all-optical interrogation of neural circuits in vivo.

Zihui Zhang*, Lloyd Russell*, Adam Packer*, Oliver Gauld & Michael Hausser
Nature Methods vol. 15, p1037-1040 (2018)

o Chapter 4: The influence of visual cortex on perception depends on
behavioural state. This chapter combines the new all-optical method with

a perceptual behaviour in order to manipulate animals’ performance.
Figure 4.1 (photostimulation safety) data was collected by myself, Adam
Packer, Henry Dalgleish, Oliver Gauld and Zihui Zhang. For the rest of the
chapter: I built the behavioural hardware and software, extended and
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optimised the photostimulation and imaging hardware and software,
performed all surgeries, all experiments, data analysis and figure and text
preparation. This work has been prepared as a manuscript and is available
as a preprint:
The influence of visual cortex on perception is modulated by behavioural state

Lloyd Russell, Zidan Yang, Pei Lynn Tan, Mehmet Fişek, Adam Packer, Henry Dalgleish,
Selmaan Chettih, Christopher Harvey, Michael Häusser
Biorxiv (2019)
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INTRODUCTION

1.1 SEARCHING FOR THE NEURAL CODE

Underpinning the field of contemporary neuroscience is the dogma that “neurons
drive behaviour”. For decades we have sought to understand how neuronal activity
gives rise to internal cognitive states like perception and ultimately generates
external functions – in other words, drives behaviour (Barlow 1972, Parker and
Newsome 1998). Finding this link between neural activity and behavioural output
is often referred to as the search for the ‘neural code’. In other words, which
patterns of activity, typically spikes, in which cell or group of cells is responsible
for a given behaviour, be it how we perceive a sensory stimulus or how we act in
response to it.
In the context of sensory perception, and subsequent decision making
based upon it, we can decompose the neural coding problem into two parts. Firstly,
how neurons change their activity in response to stimuli – in other words how they
represent information about the outside world – and secondly, how that activity
can be used to make behavioural choices. These two problems have typically been
studied in isolation with a range of different approaches. To infer possible coding
schemes, we have recorded the activity of single or multiple cells and correlated
their activity patterns with stimulus characteristics or behavioural outcomes. To
assess the causal importance of such activity for behaviour, we have so far only
been able to stimulate large groups of poorly defined cells in coarsely defined
areas. Linking the two parts of the problem, bridging stimulus evoked activity to
behaviour, with sufficient and comparable scope and resolution has until recent
21
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years been technologically impossible. This section will briefly introduce various
concepts of the neural code along with methodological improvements driven by
the quest to better understand it.
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1.2 RECORDING ACTIVITY

1.2.1 Electrical recording: single cells

Pioneering work by Hubel and Wiesel provided the first evidence for the concept
of a neuronal tuning curve (Hubel and Wiesel 1959). Using micro-electrodes, they
recorded the activity of single cells in cat visual cortex (Fig. 1.1). They found that
certain cells responded strongly to very particular stimulus configurations, namely
an oriented slit of light. As the stimulus was oriented away from an optimal angle
the firing rate of the recorded cell would drop. That neurons responded in such a
graded manner was similar to earlier observations of graded discharge in
peripheral nerve fibres (Adrian and Zotterman 1926). These stimulus evoked
changes in average firing rates led to speculation that the overall number of
elicited spikes is used by a given cell to signal a specific stimulus attribute (i.e.
‘rate coding’).

23

Fig. 1.1. Receptive field of a single neuron in the cat visual cortex
A. Presentation of visual stimuli to a cat with a metal electrode inserted into visual cortex recording
activity from a single nearby neuron. B. Responses to shining a rectangular light spot, 1° x 8°;
centre of slit superimposed on centre of receptive field; successive stimuli rotated clockwise.
Stimulus duration 1 sec. From Hubel and Wiesel 1959.

However, substantial variation in both the timing and the reliability of spikes
has been recorded in single cell responses to repeated presentations of identical
stimuli. The precise timing of individual spikes within a train of evoked spikes has
thus also been proposed to code for the presented stimulus, i.e. ‘temporal coding’,
(Bialek et al. 1991, Rieke 1999). The importance of variability in spike times has
been debated and was once considered ‘noise’ (Shadlen and Newsome 1994,
Shadlen and Newsome 1998, Faisal et al. 2008) to be averaged away, but early
on it was shown that some of this variability was explained by the activity of other
neurons (Arieli et al. 1996). Considerable theoretical work has since demonstrated
significant amounts of information can be extracted by an observer with access to
the precise timing of spikes within a cell (Stein et al. 2005, Ermentrout et al.
2008). Intriguingly, the most informative aspect of a spike train has been shown
to be the latency to first spike following a stimulus presentation (Panzeri et al.
2001).
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A critique of both the ‘rate’ and the ‘timing’ codes questions the intrinsic
time-keeping mechanism – what is imposing the reference time or the integration
window? To the experimenter ‘time zero’ relative to a stimulus is obvious and
producing plots of time-bin averaged spike rates neglects the ‘real-time’ nature of
brain function. A number of solutions have been proposed to act as the internal
reference including comparison to a gross population event or a synchronisation
with internal oscillations (Panzeri et al. 2014). It is clear that both the total number
of, and the precise timing of, evoked spikes can be used by an experimenter to
decode information about a sensory stimulus. However, what isn’t universally clear
is which coding scheme is used by a particular neuron in a specific area during
different behavioural contexts.

1.2.2 The need to record multiple cells

The quickest reaction times of animals to detect and discriminate stimuli are
sometimes so short (Fabre-Thorpe 2011) that no integration window is feasible
that would permit differences in the timing, or indeed the time-averaged rate, of
multiple spikes within a train to be read out. This suggests that in some conditions,
and particularly in highly trained laboratory tasks, the minutiae of spike timing –
within the spike train of a single cell – is not of the utmost importance. The fact
that the first evoked spikes can be most informative (Resulaj et al. 2018) suggests
a downstream readout mechanism where coincidence, cell identities and perhaps
total activity, of a population are most important.
The most pervasive theory of brain function is indeed that of ‘population
coding’ (Pouget et al. 2000, Averbeck et al. 2006). The brain is formed of billions
of neurons, and these neurons are active not in isolation but in groups at a time.
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The pattern of activity of all cells evoked by a stimulus or a cognitive process is
termed the ‘population code’. The concept of population coding has roots in
Hebb’s cell assembly hypothesis (Hebb 1949) and later extended by the Hopfield
network models (Hopfield 1982, Hopfield 1995). The central tenet of population
coding is that cognitive functions, like perception, are emergent properties of the
combination of multiple cells, not a feature of individual cells. Taking a neuron with
a tuning curve as described by Hubel and Wiesel – where the evoked firing rate
represents the probability of one particular stimulus trait – one could evoke the
same number of spikes in that neuron by presenting any number of stimuli with
various combinations of attributes (such as orientation, contrast and size).
However, when taking not one but many different neurons, each with their own
similar but different tuning curves, the combined population would be much better
able to represent the exact stimulus. Note, that by shifting the focus from single
cells to populations of cells the question of which is most important: rate or timing
of spikes? is still very much a relevant and unsettled debate. The combinatorial
nature of population codes raises many additional questions about how they are
assembled, their capacities, and the redundancies of such codes. However, it does
make clear that to understand the brain we will have to record more than one
neuron in isolation.

1.2.3 Electrical recording: populations

Since neural activity is widely distributed throughout a population the field has
pushed to record from larger and larger populations, moving away from the classic
one-cell-at-a-time approach. Being able to record tens or hundreds or even
thousands of cells simultaneously allows us to observe interactions between those
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cells and infer potential rules or algorithms being implemented by the population.
One way of recording the activity of many cells simultaneously is to replace the
single cell electrode with a multi electrode array. Beginning with tetrodes – 4 wires
wound together – the technology has advanced greatly in recent years with the
introduction of high-density silicon probes (Steinmetz et al. 2018). Modern
multielectrode arrays can offer up to ~1000 recording sites, with the additional
option to implant multiple shanks in the brain. These multiplexed electrical
approaches have been used to study rhythmic oscillations, precise temporal
correlations between recorded units, and repeating patterns of network activity,
even during sleep.
By recording many cells at once it is now known that response variability,
once considered noise (Shadlen and Newsome 1998), is correlated across many
neurons (Cohen and Kohn 2011). This correlation (and thus redundancy) may
impose limits on the coding capacity of populations. Previously these correlations
were thought to only worsen the neuronal representations of stimuli (Zohary et al.
1994) but have since been shown to help depending on the structure (Abbott and
Dayan 1999, Averbeck et al. 2006, Moreno-Bote et al. 2014, Lin et al. 2015). This
shared variability arises from shared synaptic inputs (Carandini 2004) and the
local wiring (Alonso and Martinez 1998). Variability may therefore reflect, and vary
with, brain state (Scholvinck et al. 2015).
Further aspects of relative timing that seem important for optimal coding
of stimuli have been revealed with multi electrode approaches. In the
hippocampus, it is known that the sequential firing of place cells as animals
traverse an environment are best aligned to intrinsic theta (~6-10 Hz) rhythms
than the occurrence of sensory stimuli (O'Keefe and Recce 1993) which is now
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considered a fundamental mechanism by which information is processed (Buzsaki
and Moser 2013). It has also been suggested that similar mechanisms may
operate in cortex (Buzsaki and Draguhn 2004, Singer 2018) that the relative spike
times of neurons with respect to particular phases of ongoing oscillations, of
varying frequencies, carries significant amounts of information (Kayser et al.
2009, Havenith et al. 2011).
A key benefit of the electrical recording approach is that it is relatively easy
to record multiple areas, anywhere in the brain, at once. However, while also
offering excellent temporal resolution these approaches are not without
drawbacks. Some of the biggest problems are firstly, damage to the tissue upon
insertion, secondly, the longevity of being able to maintain recordings from the
same cells, and thirdly, the identity and locations of the recorded cells are
generally unknown.

1.2.4 Optical recording

To overcome some of the limitations of electrically recording many cells, optical
imaging techniques have been in development for the past few decades. One of
the earliest examples of optical imaging in neuroscience include intrinsic signal
imaging (Grinvald et al. 1986) whereby neuronal activity related changes in blood
flow impact the reflectance of illuminating light. However, these measures are
indirect, slow and weak.
For these reasons, synthetic dyes have been produced that can more
closely and accurately report electrical changes. These include voltage sensitive
dyes which have been used to map coarse topographies for decades (Orbach et
al. 1985, Blasdel and Salama 1986). Voltage sensitive dyes have the potential to
28
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provide exquisite temporal resolution of subthreshold fluctuations in single cells
membrane potential. However, voltage sensitive dyes have notoriously been
associated with practical difficulties including weak signal with indiscriminate and
dense labelling (Platisa and Pieribone 2018). Alternative sensors have been
employed which represent a compromise between resolution and practicality. By
far the most prevalent such sensors are calcium sensors. Calcium sensors provide
an indirect readout of neuronal actional potentials, displaying changes in
fluorescence as the intracellular concentration of calcium ions changes (as a
result of actional potential firing). Calcium sensitive dyes are typically cytosolic and
fortuitously also display significantly larger signal changes which means they saw
widespread adoption and use.
The major limitation to overcome with optical approaches is that of light
scattering and optical sectioning. This led to the development of the now
widespread two-photon technique (Denk et al. 1990), in which two photons of a
long wavelength are required to be absorbed by a fluorophore instead of one
photon at a lower wavelength. The extremely low probability of one molecule
absorbing two photons in quick succession leads to much improved excitation
resolution – efficient excitation happens at the foci of light where photons are most
dense (Denk and Svoboda 1997).
Two-photon calcium imaging of single neurons with synthetic dyes was
first employed in brain slices (Yuste and Denk 1995), and then in vivo (Svoboda et
al. 1997). Populations of neurons in vivo were recorded soon after with the use of
membrane-permeant calcium dyes (Stosiek et al. 2003, Ohki et al. 2005, Fig. 1.2).
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Fig. 1.2. Functional maps of selective
responses in populations of neurons in rat
visual cortex with single-cell resolution.

a, Cortical cells stained with a calcium
indicator, OGB-1 AM and imaged using twophoton microscopy in vivo. The top panel
shows a volume of stained cells (depth of 85–
400 µm including >3,000 cells) reconstructed
from images obtained with 1 µm spacing in
depth; the bottom panel is an anatomical
image at 290 µm below the pia, averaged over
all frames during the visual stimulation
protocol. b, Single-condition maps (ΔF) for
eight directions of visual stimuli (outer panels;
the arrows indicate stimulus direction). Each
map is the average of eight repeats. In this and
subsequent figures, the scale bar (ΔF) only
applies to the outer panels. The central panel
is re-drawn from a. c, Pixel-based orientation
map, in which hue is determined by the best
orientation (see text and Methods), overlaid
with the anatomical image in a. From Ohki et
al., 2005.

A game-changing advance was the development of genetically encoded
calcium sensor proteins based on endogenous calcium binding proteins and GFP
(Miyawaki et al. 1997, Grienberger and Konnerth 2012, Knopfel 2012). Previous
synthetic dyes had to be applied acutely to the experimental preparation and
labelled all neurons non-specifically (Stosiek et al. 2003). Genetically encoded
sensors allow for the targeting of specific cell types, and for long-term expression
which can be induced using a range of genetic strategies. The combination of twophoton imaging and genetically encoded calcium indicators has enabled long term
recordings of large populations of cells and helped mice become a new model
system for studying correlates of perception and learning in behaviours of many
different modalities (Carandini and Churchland 2013).
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1.2.5 Towards an understanding of the population code through
population imaging

The structure of the population code – the patterns of activity evoked by stimuli –
is largely unknown, in part due to the lack of techniques able to record from
sufficiently large populations. However, many theories exist as to the laws it may
obey. One such theory is the ‘efficient coding’ hypothesis (Barlow 1961, Simoncelli
and Olshausen 2001), which posits the code is sparse and high-dimensional,
minimising redundancy and maximising differences between representations of
different stimuli. However, some evidence suggests the code is in fact dense,
overlapping and low-dimensional (Harris and Mrsic-Flogel 2013, Cunningham and
Yu 2014). Recently, the activity of ~10,000 neurons in mouse visual cortex in
response to thousands of natural images was recorded using two-photon calcium
imaging (Stringer et al. 2019). Their results suggest that the population neural
code is constrained by both efficiency and robustness, balancing optimal
representations with the capacity for generalisation.

1.2.6 Limitations and the future of optical imaging

Optically recording thousands of neurons currently comes with the trade-off of both
temporal and spatial resolution which imposes limits on the accuracy of answers
obtained with such methods. In a traditional raster-scanning setup recording large
numbers of cells necessitates lower spatial resolution (fewer pixels) per cell, as
well as lower dwell (or, exposure) times per cell, affecting the signal-to-noise ratio
of the recorded activity. The fidelity of the activity reported by calcium indicators is
affected by these spatiotemporal factors (Huang et al. 2019), becoming worse the
slower and the more zoomed out the optical recording is (though note, in optimal
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conditions calcium imaging can capture a fair and accurate representation of
neural activity). Additionally, the slower recording speed will hinder the
identification of specific temporal sequences of activity. To overcome some of the
limitations we can multiplex acquisition, raster scanning multiple areas at
essentially the same time (Stirman et al. 2016). The most promise in terms of
speeding up acquisition is held by different techniques such as acousto-optic
modulators (AOMs) to rapidly direct a point-source over multiple regions of interest
(ROIs) in fast sequence (Reddy et al. 2008, Froudarakis et al. 2014), or spatial
light modulators (SLMs) to multiplex these points over multiple ROIs
simultaneously (Nikolenko et al. 2008). Coupled with advanced source extraction
methods (Pnevmatikakis et al. 2016) to de-mix overlapping sources we can
approach a couple orders of magnitude improvement on the technical side of
acquisition speed.
Calcium indicators are only a proxy of the underlying spiking activity – they
report the calcium influx triggered by action potentials. While they have had a
massive impact on the field, and have been extensively developed, they are
fundamentally limited. They are relatively slow when compared to the true spiking
activity and most importantly they are only able to report suprathreshold (spiking)
activity – hyperpolarising as well as subthreshold depolarising modulations are
completely undetectable with calcium indicators. By far the most exciting prospect
for the future of optical imaging of neural circuit activity is that of voltage sensors
(Xu et al. 2017, Knopfel and Song 2019). When paired with sufficiently fast
imaging techniques these indicators will allow single spikes to be resolved with
high temporal resolution, 100-1000x faster than possible with calcium-based
sensors, in addition to reporting the subthreshold activity that did not lead to a
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spike. Voltage imaging was employed in neuroscience before calcium imaging (see
1.2.4) but suffered, and indeed still suffers, from a number of problems which

limits its usefulness. The main issue is that of contrast (Lin and Schnitzer 2016,
Yang and St-Pierre 2016). This dimness and the fast time constants at which the
sensors operate require constant or very fast illumination with high powers – which
leads to bleaching of the fluorophore. Another issue which is now overcome was
the ability to genetically express voltage sensors, rather than injecting synthetic
dyes. Recent years have seen the development of genetically encoded voltage
sensors (Storace et al. 2016, Adam et al. 2019, Abdelfattah et al. 2019), some
with improved two-photon suitability, however, significantly more development is
required to bring voltage indicators into the same realm of usefulness (long
duration two-photon recordings in vivo) which calcium indicators currently occupy.
Eventually being able to observe activity in high detail, at high speed and across
large populations will allow theories of brain function to be refined, but ultimately,
we will require interventional approaches to test these theories, because after all
“correlation does not imply causation”.
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1.3 MANIPULATING ACTIVITY

1.3.1 Electrical stimulation

To draw mechanistic and causal links between neural activity and behaviour
requires the experimenter to perturb or manipulate the cells, area, or system they
are studying. We have been stimulating the brain with electrodes for longer than
we have been recording with them. From twitching dismembered frog’s legs
(Galvani 1791), via grimacing decapitated human heads (Aldini 1803), to
contraction of specific muscles in an awake dog’s body (Fritsch and Hitzig 1870)
we have long appreciated that electrical activity in the brain controls the muscles
of the body. In the 1930’s seminal work by Penfield attributed function to many
previously cytoarchitecturally defined (Brodmann) areas of the dorsal surface of
cortex in humans (Penfield and Boldrey 1937). Electrical microstimulation has
provided substantial insights into how activity in various regions is used to guide
behaviour (Cicmil and Krug 2015). Landmark studies in the macaque have
demonstrated causal roles of activity in various cortical areas in biasing
behavioural outcomes (Salzman et al. 1992, DeAngelis et al. 1998, Seidemann et
al. 1998, Ditterich et al. 2003, Afraz et al. 2006). The seminal work by Salzman et
al. 1992 (Fig. 1.3) demonstrated that perceptual decisions about the direction of
motion in a visual stimulus can be biased by activating (with an implanted
electrode) a particular region of a specialised area of the higher visual system
(area MT). The electrical stimulation was highly stereotyped – synchronous, high
frequency activation of unknown numbers of cells, close to the tip as well as cells
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whose ‘fibres of passage’ the tip contacted. Follow up work by Murasugi et al.
1993 controlled the injected electrical currents’ amplitude and frequency and the
physical positioning of the electrode tip. It was found that moving the electrode
away from the site which responded preferentially to the visual stimulus abolished
the perceptual biasing. Changing the frequency of stimulation (from 200 Hz to 500
Hz) had no effect while increasing the current amplitude of stimulation (from 10
µA to 80 µA) paradoxically worsened the animal’s behaviour, presumably by
activating more and more non-specific neurons over larger distances. While these
two studies have been hugely influential, the pattern of activity evoked by their
stimulation is far from naturalistic and thus many further questions remain. These
questions concern the massive parameter space of factors that are observable in
neuronal activity: the rate, and timing and specific functional identity (what
stimulus do they preferentially respond to, how informative are they of a given
stimulus, where do they fit into the correlation structure of ongoing activity) of
individual cells as well as their physical location (both the area of the brain and/or
the layer of cortex as well as the locations of all stimulated cells relative to one
another). Each of these questions can be asked of any and all areas of the brain,
not just ‘higher’ sensory areas, that are active during any given task or behaviour
of interest. To address these finer questions will require a different approach to
brain stimulation.
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Fig. 1.3. Effect of microstimulation in area MT on psychophysical performance
A. Schematic of the behavioural paradigm used to measure the effects of microstimulation. Top:
The receptive field of neurons at the stimulation site (inner, stippled circle), the preferred direction
of the neurons (arrow), the visual stimulus aperture within which the visual stimulus was presented
(outer circle), the fixation point (FP), and the two LEDs (PrefLED and Null LED). Bottom: Temporal
sequence of events in a trial containing microstimulation. To perform the task in the stimulated
condition, the monkey fixated, and the visual stimulus then appeared for 1 set commencing at time
T2. The train of electrical pulses began simultaneously with the onset of the visual stimulus. At time
T3, the fixation point, visual stimulus, and microstimulation were extinguished, and the monkey
indicated its choice by making a saccade to one of the two LEDs. Inset: Schematic depiction of
hypothetical neuronal activation profiles in cortical area MT (From Nichols and Newsome 2002).
B. Effect of microstimulation on psychophysical performance. Trials that did not contain
microstimulation are shown with open symbols; trials that contained microstimulation are
represented with solid symbols. From Salzman et al., 1992.

Microstimulation of cortical areas can generate a detectable percept even
in the complete absence of a physical sensory stimulus (Penfield and Boldrey
1937, Doty 1965, Bartlett and Doty 1980, Mouly et al. 1985). These percepts are
evoked with decreasing strength as the artificial stimulation goes from early to
higher sensory areas and from deep to superficial cortical layers (Murphey and
Maunsell 2007). Classic microsimulation experiments stimulated large swathes of
cortex indiscriminately (Seidemann et al. 2002, Histed et al. 2009), stimulating
unknown numbers of cells and processes across millimetres of cortex, agnostic to
individual functional properties and genetic identity. However, more recently, using
the much more refined technique of patch-clamp recording, a recent study has
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reported that rats can detect stimulation of a single cell (Houweling and Brecht
2008, Doron et al. 2014), but only after extensive training.
In humans, electrical stimulation of V1 reliably elicits simple phosphenes
in the predicted retinotopic location, but evidence for complex visual percepts from
higher areas is limited (Cicmil and Krug 2015). It is clear that even in animal
models further experiments, with much more precise stimulation methods, are
required to fully elucidate how specific stimuli are encoded in behaviourally
relevant ways.

1.3.2 Optical stimulation

The need to stimulate specific groups of neurons was noted decades ago (Crick
1979). Light was suggested as a possible means but no method to make neurons
sensitive to light existed. More recently, with the advent of optogenetic tools, this
has become a reality and today light is widely used to perturb neuronal activity by
targeted expression of opsins in genetically identified neurons (Yizhar et al. 2011).
Microbial opsins, proteins that confer light sensitivity to some species of bacteria
or algae, were first introduced into neurons just over a decade ago (Boyden et al.
2005). When illuminated with light of a particular wavelength a pore in the opsin
protein opens, allowing cations to flow into and out of the cell along their
electrochemical gradients, depolarising the cell and causing it to fire. Other opsins,
functioning as pumps or channels, can hyperpolarise the expressing cells,
suppressing activity (Zhang et al. 2007, Wiegert et al. 2017). By harnessing the
tools of molecular biology we can deliver these genes to specific subclasses of
cells allowing the experimenter to activate, or silence, populations of excitatory, or
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inhibitory, or neuromodulatory neurons in specific layers or regions of the brain
(Luo et al. 2018).
In much the same way as electrical microstimulation, optogenetic
stimulation of cortex can generate detectable artificial percepts (Huber et al.
2008, Histed and Maunsell 2014) which can supplant natural sensory evoked
activity (O'Connor et al. 2013, Sachidhanandam et al. 2013). In addition,
optogenetics of particular cell types have demonstrated a causal role of large
populations of cells in guiding simple behaviours (Lee et al. 2012, Glickfeld et al.
2013). These studies have begun to reveal the activity parameters and their lower
bounds which are important for behaviour.
While providing high temporal resolution access to populations of
genetically defined neurons, optogenetics has until recently lacked the spatial
precision to target specific individual cells, limiting the types of experiments
possible to investigate aspects of the neural code. To fully leverage the benefits
afforded by the genetic tractability of mice as a model system, two-photon
stimulation of opsin expressing neurons has been developed, providing significant
improvements in the spatial targeting of optogenetics (Rickgauer and Tank 2009).
Critically, the ability to target multiple individually selected cells amongst a dense
expressing population has been made possible through the use of spatial light
modulators (SLMs). SLMs are programmable diffractive elements that modify the
wave front of a laser beam enabling spatial redistribution of the focussed beam
into any user-programmable pattern (Lutz et al. 2008, Nikolenko et al. 2008).
These diffracted and focused spots can be targeted to single, or multiple, neurons
in the sample. To activate targeted cells the pattern of diffracted spots can be
simultaneously scanned across the cells to rapidly sequentially illuminate all opsin
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molecules in the membrane (Rickgauer and Tank 2009, Packer et al. 2012). An
alternative approach is to holographically extend the light into a disc rather than a
diffraction limited spot, to simultaneously expose all opsin molecules in the
membrane without scanning (Papagiakoumou et al. 2010).
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1.4 ALL-OPTICAL RECORDING AND MANIPULATION

Both electrical and optogenetic approaches have so far demonstrated the ability
of bulk activity to bias an ongoing behaviour or generate a de novo perception.
These manipulations have typically been delivered to hundreds or thousands of
neurons, of diverse identities, simultaneously in a hypersynchronous manner.
These patterns of activity are thus coarse and unnatural. As touched upon in
previous sections above the neural code has aspects that operate over many
different time scales, involving different and specific cells at different times
(Panzeri et al. 2015). Furthermore, the code is modified by context; by the current
state (Buonomano and Maass 2009) and by past experience (Poort et al. 2015,
Jurjut et al. 2017, Khan et al. 2018). A full understanding of activity underlying
behaviour requires precision of reading as well as writing of neural activity while
animals are in various states of behaviour (Panzeri et al. 2017). To begin probing
finer aspects of the neural code researchers need to be able to target individual
cells with arbitrarily selected properties and in arbitrary configurations.
The benefits of “all-optical” methods are obvious (Scanziani and Hausser
2009): light delivery is non-invasive, offers the prospect of long term investigation,
and importantly light is multiplexable potentially allowing simultaneous read and
write access and perhaps bidirectional control of activity. Uniting the dual, but
hitherto separate, technological revolutions of first, recording populations of cells
with light (calcium imaging) and second, stimulating populations of cells with light
(optogenetics) has been the focus of an intense research program pursued by
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many labs in recent years (Emiliani et al. 2015). Combining light-sensitive
genetically encoded activity indicators and probes with advanced optical
techniques, including two-photon excitation and the use of SLM’s, multiple
variants of an “all-optical” method have been developed to both record and
manipulate the activity of neural circuits in vivo with high spatiotemporal
resolution.
The combination of SLM based holography and raster scanning for
combined two photon imaging and stimulation was demonstrated previously (Dal
Maschio et al. 2010, Anselmi et al. 2011) and the opto-mechanics have remained
relatively unchanged since then. However, these earlier implementations were
only applied in vitro, using synthetic calcium dyes and performing glutamate
uncaging. The basis of modern in vivo two-photon all-optical methods is the
appropriate selection of spectrally separated genetically encoded activity sensor
and a genetically encoded opsin. The first successful applications of two-photon
all-optical recording and manipulation employed a green calcium indicator GCaMP
(imaged at ~920 nm) and a red-shifted opsin C1V1 (stimulated at ~1064 nm)
(Rickgauer et al. 2014, Packer et al. 2015). Two-photon raster scanning of the
imaging laser can record the activity of hundreds of cells while two-photon
excitation with a laser of a different wavelength can stimulate single cells
(Rickgauer et al. 2014) in succession or, with an SLM, multiple cells at once
(Packer et al. 2015). Crucially, the combination allows the response of the
stimulated cells to be recorded as well as the response of the larger, downstream
population, and potentially during behaviour.
Recent years have seen a number of improvements made to the early
implementations. The original red-shifted opsin C1V1 is associated with
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considerable jitter in two-photon generated spike times (Packer et al. 2012,
Prakash et al. 2012). To this end a range of alternative opsin have been
investigated with fast and more reliable kinetics (Ronzitti et al. 2017, Chen et al.
2019). A couple of recent studies have engineered highly sensitive opsins ChroME
(Mardinly et al. 2018) and ChRmine (Marshel et al. 2019) that offer extremely
precise control on spike timing as well as offering very high single channel
conductances. These sensitive opsins promise more reliable and more efficient
stimulation of expressing cells.
The fidelity of the possible stimulation patterns depends not only on
temporal precision of evoked spikes but the spatial resolution, that is, the ability
to stimulate particular cells without affecting their neighbours. The consensus
cause for this off-target stimulation is because of opsin-expressing dendrites and
axons of other cells coursing through the excitation volume positioned over the cell
of interest. By tagging the opsin with certain peptide sequences (e.g. Lim et al.
2000) it is possible to restrict the opsin to the somata and proximal dendrites
greatly improving spatial resolution (Baker et al. 2016, Shemesh et al. 2017, Forli
et al. 2018, Mardinly et al. 2018, Chettih and Harvey 2019, Marshel et al. 2019).
Other groups are taking advantage of the recent development of red
calcium indicators (Dana et al. 2016) that permit the simultaneous use of blue
opsins for photostimulation (Forli et al. 2018). Several groups have also
incorporated a piezo or ETL (electrically tuneable lens) element to change the axial
focus of the imaging laser allowing volumes of tissue to be imaged, while the SLM
used to laterally displace spots of light can readily be programmed to displace in
the axial dimension allowing 3D stimulation (Dal Maschio et al. 2017, Mardinly et
al. 2018, Yang et al. 2018, Marshel et al. 2019).
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We are edging ever closer to the prospect of recording thousands of cells
with single cell and single spike resolution while being able to stimulate with the
same spatial and temporal resolution. Dream experiments (Fig. 1.4) of ‘playing in’
patterns of recorded activity in arbitrary spatiotemporal patterns while observing
the behaviour of an animal are within reach.

Fig. 1.4. Using targeted optogenetics to
close the loop between behaviour and
neural activity.

A schematic illustration of how ‘targeted
optogenetics’ can be used to probe the
neural code in a cortical circuit. The figure
highlights the close interplay that is
necessary
between
behavioural
experiments, optical readout of patterns of
activity, and replay of the same patterns in
the ‘right’ neurons using optogenetics.
Targeted optogenetics allows the precision
of temporal patterns, and the precise
membership of the neuronal ensemble, to
be tested directly to investigate their
importance for the neural code driving the
behaviour. From Packer, Roska, Hausser
2013.
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This thesis will describe the development of the all-optical method (Chapter
2) and then its extension to enable closed-loop all-optical experiments (Chapter
3). In the final chapter (Chapter 4) I will demonstrate the latest improvements to
the approach: expressing somatically targeted opsins, using high peak power, low
average power (low repetition rate) lasers, using an ETL for volumetric imaging
coupled with 3D calibration of the SLM to enable 3D all-optical experiments.
These improvements were accompanied by the development of a behavioural
paradigm and incorporating all-optical manipulation into behavioural experiments.
These improvements have been harnessed for the final experimental study (also
described in Chapter 4) in which I probe the activity patterns in primary visual
cortex underlying a perceptually guided behaviour.
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SIMULTANEOUS ALL-OPTICAL
MANIPULATION AND RECORDING
OF NEURAL CIRCUIT ACTIVITY
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2.1 INTRODUCTION

Optogenetic actuators are rapidly revolutionizing experimental manipulations of
neural activity, enabling activation and inactivation with millisecond precision at
the spatial scale of populations of neurons (Packer et al. 2013, Emiliani et al.
2015). At the same time, calcium indicators of activity in neurons now permit
quantitative readout of neural activity from hundreds of neurons with cellular
resolution (Grienberger and Konnerth 2012). A combination of these two
experimental approaches would be highly desirable for manipulating and
recording the activity of many neurons simultaneously at the spatial and temporal
resolution at which they function in vivo (Fig. 2.1a). Two-photon excitation provides
the optical sectioning and signal-to-noise required to achieve such a goal with
single-cell and single-spike precision in both the imaging and the stimulation
channels. However, two-photon calcium imaging and two-photon optogenetics are
challenging to combine effectively. Moreover, the ability to individually target
multiple neurons using patterned photostimulation is crucial for generating and
manipulating natural patterns of activity in vivo.
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Fig. 2.1. Single-cell two-photon optogenetic photostimulation and single-action-potential readout
in vivo.

(a) Schematic illustration of the experimental goal. Top, a calcium sensor generates an optical
readout of activity, and an opsin enables photostimulation. Bottom, robust and reliable
photostimulation in user-selected neurons i–iii without stimulation of immediately adjacent
neurons iv–vi during simultaneous recording. Stim, stimulation. (b) Optical layout of the SLM-based
two-photon patterned photostimulation, two-photon resonant scanning, moving in vivo microscope.
PC, Pockels cell; S, shutter; HWP, half-wave plate; L1–4, lenses; SLM, spatial light modulator; ZB,
zero order block; GM1, GM2, galvanometers; RSM, resonant scanning module; F1–3: filters; PMT1,
PMT2, photomultiplier tubes. (c) A large field of view of neurons coexpressing GCaMP6s (green)
and C1V1-2A-mCherry (pink; scale bar, 100 μm). (d) Inset from a large field of view (200 × 200
μm) for the experiment shown in e (scale bar, 50 μm). A two-photon targeted cell-attached patchclamp recording was obtained from neuron i. This neuron was targeted for optogenetic stimulation
in a spiral pattern. (e) Top, electrophysiological recording during photostimulation trials (pink bar).
Single sweep (from trial 2), raster plot, and peristimulus time histogram are shown. Bottom,
calcium imaging recordings obtained simultaneously from neurons i–iii in d (mean ± s.e.m., n = 3
neurons).

Previous implementations of simultaneous manipulation and readout of
neural activity are associated with a range of limitations, including manipulation
artifacts on the recording channel, inadvertent activation caused by the recording,
or lack of spatial resolution. Solely electrophysiological approaches suffer from
electrical artifacts in the recording channel during stimulation; the fact that
recordings are invasive; and the inability to target large groups of neurons while
maintaining single cell resolution. On the other hand, optical approaches have so
far suffered from a similar drawback as one-photon actuation, which not only
stimulates many cells simultaneously (even when purposefully minimized (Huber
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et al. 2008)), but can also generate a large optical artifact in the imaging channel
due to spectral overlap of the actuator excitation and readout emission
wavelengths. This results in data loss during the crucial photostimulation period
as the imaging sensor must be either blanked or data discarded (Zhang and
Oertner 2007, Wilson et al. 2012, Fajardo et al. 2013). Promising approaches to
differentiate the manipulation and recording wavelengths have been employed in
C. elegans, though the red calcium indicator used does not provide single action
potential resolution (Akerboom et al. 2013). Additionally, using one-photon
widefield excitation generates substantial autofluorescence throughout the tissue,
which can generate a large optical artifact on the imaging channel, and moreover
does not permit targetable manipulations with cellular resolution. Simultaneous
two-photon holographic imaging and photostimulation methods relying on
glutamate uncaging have only been employed in vitro (Dal Maschio et al. 2010,
Anselmi et al. 2011). Combined optical and electrophysiology approaches also
show promise for specific applications (Royer et al. 2010, LeChasseur et al. 2011,
Anikeeva et al. 2012, Kwan and Dan 2012, Meyer et al. 2018), though it can be
difficult to ascertain which neurons are being directly activated and which are
downstream of the activated neurons (Lima et al. 2009, Kravitz et al. 2013).
Here, we take advantage of the superior optical sectioning afforded by in vivo
two-photon microscopy (Denk et al. 1990, Svoboda et al. 1997) to perform
targeted activation of multiple identified neurons while simultaneously performing
high-speed calcium imaging with minimal crosstalk in mice in vivo. Independent
manipulation of two femtosecond-pulsed laser beams enables precise control over
the activated neurons and high resolution spatiotemporal recording of stimulated
and nearby neurons. User-selected targeting of neurons for activation is performed
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with a programmable spatial light modulator (SLM) (Nikolenko et al. 2008). The
ability to target specific cells allows the experimenter to photostimulate neurons
based on their individual functional identities, not just genetic class. In
combination with chronic window preparations (Holtmaat et al. 2009), our
approach enables high-throughput probing of the same neural circuits in awake
behaving animals over long timescales.
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2.2 METHODS

All surgical procedures were carried out under licence from the UK Home Office in
accordance with the Animal (Scientific Procedures) Act 1986. C57/BL6 mice (mus
musculus) approximately 4 weeks to 3 months old of both genders were used
without randomization. Animals were anaesthetized with an intraperitoneal
injection of a ketamine/xylazine mixture (0.1/0.01 mg/g body weight) or with
isoflurane during surgical procedures.

Viral injections, headplate and chronic window installation

Craniotomies were drilled (NSK UK Ltd.) over barrel cortex (right hemisphere, 2
mm posterior from and 3.5 mm lateral of bregma, 0.5 mm diameter). Calibrated
injection pipettes bevelled to a sharp point (inner diameter ~15 µm) were coupled
to a hydraulic injection apparatus driven by a syringe pump (Harvard Apparatus).
Virus (AAV2-CaMKIIa-C1V1(E162T)-p2A-EYFP, AAVdj-CaMKIIa-C1V1(E162T)-TSP2A-Cherry-WPRE (Grimm et al. 2008), or AAV1-Syn-GCaMP6s-WPRE-SV40) was
front-loaded into the injection pipette and injected at a rate of 0.1 µL min-1 into
layer 2/3 (~300 µm deep). Animals that received two separate injections were first
injected with 1 µL of virus and then the scalp incision closed with Vetbond (3M).
Subsequent injections, also 1 µL, were performed through the same craniotomy
site that was still visible 24 days later. Animals singly injected received 1 µL of
virus. Co-injected animals were injected with a mixture containing 0.1 µL GCaMP6s
virus and 0.9 µL C1V1-2A-mCherry virus.
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For chronic experiments, the scalp was removed bilaterally from the midline
to the temporalis muscles and a metal headplate with 5 mm circular imaging well
fixed to the skull overlying somatosensory cortex with dental cement (Super-Bond
C&B, Sun-Medical) before virus injection. Intrinsic imaging (Grinvald et al. 1986)
was performed to further localize the injection site to the C2 barrel in certain
experiments. The C2 whisker was threaded into a trimmed glass pipette glued to
a piezoeletric actuator (Physik Instrumente). The actuator was programmed to
oscillate at 10 Hz for 4 seconds with a 20 second interstimulus interval. The brain
was perfused with sterile external solution (150 mM NaCl, 2.5 mM KCl, 10 mM
HEPES, 2 mM CaCl2, 1 mM MgCl2) to make the skull semi-transparent and imaged
with a CCD camera (Pike F-032b, Allied Vision Technologies) while a red LED
illuminated the surface. Increase in reflectance from the brain indicated the barrel,
which could be localized relative to the blood vessel pattern as visualized with a
green LED. After virus injection (see above), a 3 mm circular craniotomy was
performed during which any bleeding was washed away with sterile external
solution or stanched with Sugi-sponges (Sugi, Kettenbach). Cranial windows
composed of a 3 mm circular glass coverslip cemented to a 2 mm square glass
coverslip (UQG Optics) with UV-curable optical cement (NOR-61, Norland Optical
Adhesive), were press-fit into the craniotomy, sealed to the skull by a thin layer of
cyanoacrylate (VetBond), and fixed in place by dental cement.
Following all surgical procedures, animals recovered for at least 7 days with
post-operative administration of 0.7 µL/mL Rimadyl and 4 µL/mL Baytril in
drinking water.
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Titration of calcium indicator expression

The sensitivity of the readout in our all-optical approach depended heavily on the
expression of GCaMP6s. To assess stability of calcium indicator expression, we
injected animals with GCaMP6s virus at three viral titers: 3.22e13 genomes/ml
stock and lower titer solutions of 3.22e12 and 3.22e11 genomes/ml diluted in a
buffer solution (20 mM Tris, pH 8.0, 140 mM NaCl, 0.001% pluronic F-68). 100 µL
of virus was injected at 0.1 µL/min into L2/3 barrel cortex (2 mm posterior from
and 3.5 mm lateral of bregma, 300 µm below dura). We divided 18 adult (P60 –
P80) C57/BL6 mice of both sexes into 3 cohorts of 6 mice each and injected each
cohort with one of the above dilutions. Each 6 animal viral-titer cohort was then
divided such that, within each cohort, 2 animals could be used for each of 3 time
points: 1 week, 2 week and 3 week post-injection. At each of these time points an
acute craniotomy was performed to enable two-photon imaging (see below) under
isoflurane anaesthesia (5% for induction, 1.5% for surgery and 0.5% for imaging).
Two-photon images tiling the infection site were taken at 10 µm intervals from the
cortical surface to a maximum depth of 500 µm (depending on the extent of
expression). Acute imaging was used in order to minimize potential confounding
artifacts introduced by chronic window implantation. The crucial parameter was a
reduction in virus titer to 10% of its original level (i.e. 1012 genomes/ml), which
resulted in stable expression as long as 12 weeks post-injection (Fig. 2.2). Next,
we confirmed single action potential resolution by performing two-photon targeted
cell-attached recordings while imaging at 60 Hz (n = 4 neurons; Fig. 2.3a). We
found that the number of spikes in a burst occurring within a 250 ms window could
be reliably reported by integrating the results of the deconvolution algorithm
(Vogelstein et al. 2010) (Fig. 2.3b). Integrating the result of this inference over a
433 ms window resulted in the best performance as defined by the strength of the
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correlation between the true number of spikes and the inferred number of spikes
(Fig. 2.3c). We also quantified the hit rate (94 ± 3 %) and false positive rate (7 ± 6
%) on 3 neurons as in ref. 16, not including one held-out neuron on which we based
the classifier (Fig. 2.3d).
The need to reduce the titer of the GCaMP6s-producing virus meant we could
dilute it directly with the virus expressing C1V1-2A-mCherry (see above). After
injecting this mixture of viruses into the animals during a single surgical procedure,
a chronic window was installed to provide long-term optical access to the cortical
tissue of interest. After five weeks, we observed co-labeling of neurons with both
GCaMP6s and C1V1-2A-mCherry, which were easily spectrally separated based on
emission wavelength.
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Fig. 2.2. Optimized GCaMP6s expression

(a) A narrow window of viral titer (rows) is crucial for sufficient and long-lasting expression over time
(columns). Note lack of expression with titer that is too low (bottom row) and brightly-filled neurons
with titer that is too high (top row).
(b) Quantification of the percentage of brightly-filled cells in depth-matched (~160 µm deep) fields
of view at titers and time-points corresponding to the rows and columns in (a) from acute
craniotomy preparations. Data from 11 mice.
(c) Example cell-matched fields of view from a chronic window preparation at 4 time-points postinjection using the 1012 genomes ml-1 titer highlighted in red in (a) and (b). Note example cells
identified across 4 weeks highlighted in red.
(d) Monoexponential fit (curves) to cell-matched calcium transient decays (points) recorded at each
time point (see Fig. key) during spontaneous activity under 0.5% isoflurane anaesthesia. Transients
were identified following a threshold crossing of 20% above the median value of each cell’s dF/F
trace. They were then normalised to the peak following this crossing. n = 2 animals (1323 cells
total)
(e) Quantification of the change with time of the decay time constant (Tauoff) of the
monoexponential fits shown in (d).
(f) Amplitude of cell-matched calcium transients measured at each time point. Transient threshold
is shown as dotted red line.
(g) Percentage of brightly-filled neurons in analysed fields of view at each time point.
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Fig. 2.3. Sensitivity of spike readout

(a) Confirmation of single action potential resolution in a GCaMP6s-expressing neuron obtained
during two-photon targeted cell-attached patch clamp recording while imaging at 60 Hz.
(b) The calcium rise recorded from this example neuron in response to one or more action
potentials shows the characteristic amplitude and time course of GCaMP6s (top traces). The
inferred action potential probability from the deconvolution algorithm indicates the likelihood of a
spike somewhat smeared over time.
(c) Integrating the inference over a time-window of 433 ms results in a high coefficient of
determination (R2 = 0.54) of the linear fit (y = 0.63x + 0) between inferred probability of spiking
and actual spiking recorded in cell-attached configuration. 433 ms resulted in a better fit versus
other durations between 100 and 1000 ms. n = 4 neurons. SEM across all 250 ms epochs
containing a reported number of spikes: 0 spikes n = 141; 1 spike n = 332; 2 spikes n = 236; 3
spikes n = 64; 4 spikes n = 6.
(d) Analysis confirming the ability of GCaMP6s to reliably report single spikes, based on Chen et al
2013. Hit rate and false positive rate for identification of single isolated spikes was calculated by
using a template and threshold of correlation as determined using the neuron in (a). Total of 266
single spikes and 45 no spike periods from 3 neurons, not including neuron (a).
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Cell-attached targeted patch-clamp recordings

Headplate installation was performed as described above. Two-photon targeted
patch-clamp recordings (Kitamura et al. 2008) were obtained using glass pipettes
pulled from borosilicate glass (~5 MΩ pipette resistance) and filled with external
solution. Signals were amplified on a MultiClamp 700a (Molecular Devices),
filtered with a Bessel filter above 4 kHz, and recorded at 20 kHz with custom
software (‘PackIO’ (Packer and Yuste 2011)) written in LabView (National
Instruments).

Imaging and photostimulation

Two-photon imaging was performed by raster scanning a femtosecond-pulsed
laser beam (Chameleon Ultra II, Coherent) via standard or resonant galvanometer
raster scanning with a moving in vivo microscope (Bruker Corporation, formerly
Prairie Technologies). A 16x/0.8-NA objective (Nikon) was used for all
experiments. GCaMP6s was imaged with excitation wavelength of 920 nm during
calcium imaging and mCherry was imaged at 765 nm.
In longitudinal experiments, the same field of view could be found over
weeks based on the blood vessel pattern observed under the chronic window. The
chronic window allowed visualization of a 2 x 2 mm area of cortex, while the
maximum field of view allowed by two-photon imaging was 832 x 832 µm. Thus, it
was straightforward to localize the same general area based on large blood
vessels visualized through the eyepieces of the microscope. Afterwards, images at
high resolution obtained via two-photon imaging could be precisely matched to
images from previous sessions based on blood vessels and any uniquely shaped
processes or strongly labeled neurons.
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A reflective spatial light modulator (SLM, 7.68 mm x 7.68 mm active area,
512 x 512 pixels, optimized for 1064 nm, Meadowlark Optics/Boulder Nonlinear
Systems) was coupled to the microscope using a lightpath similar to that for an in
vitro microscope (Nikolenko et al. 2008), but with the significant difference that
the entire microscope, including SLM and beam expansion telescope, moves
relative to the sample. A computer running BNS_DVI Version 1.3 (Meadowlark
Optics/Boulder Nonlinear Systems) displayed the phase mask on the SLM via a
NVIDIA GeForce GTX 660 Ti graphics card and DVI cable connected to the SLM
driver electronics (Meadowlark Optics/Boulder Nonlinear Systems). The
manufacturer supplied lookup table converted pixel values to voltages driving the
liquid crystal active area of the SLM. The zero order beam was blocked at the focus
of L3 with a small piece of foil glued to a coverslip (Fig. 2.1b).
The excitation source for the photostimulation path was a femtosecond
pulsed laser fixed at 1064 nm (total output 5 watts, pulse width 250-400 fs,
Fianium Ltd) or 1055 nm (total output 2.3 watts, pulse width 100 fs, Coherent).
The Gerchberg-Saxton (GS) algorithm (Gerchberg and Saxton 1972) was used to
calculate phase masks to be displayed on the SLM that would result in the desired
pattern with individual beams on each targeted neuron. We found that diffraction
efficiency to targets situated at the periphery of the field of view, which required
large angles to be generated by the SLM, was lower than for targets at the center
of the field of view with the standard GS algorithm. This effect was likely due to the
increasing impact of interpixel crosstalk in our SLM as diffracting to large angles
requires higher resolution phase masks (smaller diffracting features) that increase
chromatic aberration and are more prone to interpixel crosstalk due to the larger
variation in neighbouring pixel values. A linear weighting of desired spot intensity
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prior to the GS algorithm was sufficient to counteract this effect and resulted in
sufficiently homogeneous power distribution (<6% standard deviation) among
targets. The positioning of these beams relative to the two-photon images of the
neurons was registered using a widefield sCMOS camera (ORCA-Flash4.0,
Hamamatsu), which imaged the sample plane via the objective and tube lens,
while photostimulating a homogeneously fluorescent sample. Alternatively, the
photostimulation beams could be registered by burning a homogeneously
fluorescent sample that could be visualized by the two-photon imaging laser. Spiral
photostimulation patterns (3 rotations, 20 µm diameter) were generated by
moving all beamlets simultaneously with a pair of galvanometer mirrors conjugate
to the SLM plane. Power on sample for photostimulation using grid pattern ranged
from 28-150 mW, generally 100 mW. Power on sample for spiral photostimulation
experiments ranged from 20-80 mW. Power distribution was even across beamlets
generated by the SLM (59 ± 3 mW, n = 3 patterns) as measured on sample by
loading phase masks and blocking all but a single beamlet near the focus of L3
(see Fig. 2.1b.).

Sensory stimulation and behaviour

Animals were gradually acclimatized to head-fixation if necessary and trained to
sit passively in the apparatus. Animals generally ran freely on the styrofoam
treadmill while running speed was measured with a rotary encoder on the axle.
Whisker stimulation, which occurred under isoflurane anaesthesia, consisted of
either one second long, 10 Hz stimulation with a one-dimensional piezoelectric
actuator (Physik Instrumente) or one second long, random, white-noise filtered
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stimuli with a two-dimensional piezoelectric actuator (Noliac) onto which a
capillary tube was glued as a guide for an individual whisker.

Analysis

Movement correction was performed on all calcium imaging movies using a
discrete Fourier transform (DFT) based algorithm (Guizar-Sicairos et al. 2008). This
algorithm computes the cross-correlation between two images via selective
upsampling with a matrix-multiply DFT, thus increasing speed and reducing
memory requirements. Contours defining neuronal somata were selected by hand
using both GCaMP and C1V1 channels. Spike inference was performed with a fast
nonnegative deconvolution algorithm, for which the only required parameter is the
imaging time step (Vogelstein et al. 2010). Analyses were performed with MATLAB
and ImageJ; statistical tests were performed with Prism or MATLAB. All values are
mean ± SEM unless otherwise noted.
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2.3 RESULTS

Combining calcium imaging and single cell photostimulation in vivo

Our design goal was to be able to selectively activate groups of individuallyselected neurons based on their functional identity, and then observe the
response to stimulation in the selected neurons and the local network in an awake,
behaving animal (Fig. 2.1a). We incorporated an SLM into a two-photon in vivo
dual-beampath resonant-scanning microscope in order to provide simultaneous
two-photon imaging and patterned optogenetic stimulation (Fig. 2.1b). We
visualized neurons co-infected with GCaMP6s, an ‘ultrasensitive’ greenfluorescent genetically encoded calcium indicator (Chen et al. 2013), and C1V12A-mCherry, a red-shifted opsin (Yizhar et al. 2011) (Fig. 2.1c). We recorded highspeed (30 Hz) calcium imaging movies over a field of view of 200 x 200 µm using
a resonant scanning system at 920 nm and photostimulated neurons via twophoton excitation at 1064 nm (Fig. 2.1d). We calibrated our all-optical approach
by performing simultaneous cell-attached patch-clamp recordings in layer 2/3 of
mouse somatosensory cortex (n = 3 experiments). The SLM was programmed to
generate a single photostimulation spot, which was scanned in a spiral fashion
(Rickgauer and Tank 2009) over the neuronal cell body for 20 ms (see Methods).
Single action potentials were reliably generated in the recorded neuron on every
trial, resulting in large calcium transients in the photostimulated neuron, but not
in neighbouring neurons also expressing GCaMP6s and C1V1 (Fig. 2.1e). The
spatial resolution of spiral photostimulation using 6 mm galvanometers (see
Methods) was 12 µm laterally and ~24 µm axially, measured by incrementally
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shifting the photostimulation target (Fig. 2.4). Action potential detection sensitivity
was maintained even when imaging the entire 200 x 200 µm field of view, and
imaging at this resolution did not result in photostimulation (Fig. 2.5). In summary,
we demonstrate that our approach is capable of simultaneous sensitive calcium
imaging and precise two-photon optogenetic photostimulation in the same
neurons in vivo.

Fig. 2.4. Spatial resolution of spiral two-photon photostimulation in vivo

(a) Lateral resolution of action potential photostimulation of a layer 2 barrel cortex neuron in vivo
using a single spot generated by the SLM scanned in the 20 µm spiral pattern (using 6 mm galvos;
see Methods, n = 6 neurons).
(b) Same as above for axial resolution (n = 5 neurons). The asymmetry results from the fact that
as the photostimulation pattern is directed deeper than the neuron (negative values), the
probability of action potential generation drops more sharply.
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Fig. 2.5. Imaging over large fields of view does not cause photostimulation

(a) Example cell-attached patch clamp recording from one neuron. Periods of imaging are indicated
by the shaded regions. Imaging conditions are indicated above the trace (schematic field of view
shows a pipette and the recorded cell). Imaging was performed at 30 Hz with 920 nm excitation
(see Methods) but the size of the field of view (optical zoom) was changed.
(b). There is no significant difference between spontaneous firing rate and that while imaging a
400x400 µm field of view at 50 mW power on sample (the conditions used in this paper; Friedman
test, post hoc Dunn’s multiple comparison test). Inset shows firing rates while imaging a 400x400
µm field of view, normalized to the recorded cells spontaneous firing rate; error bars represent
SEM. Although the 920 nm light used for imaging is less than one-third as effective as the 1064
nm wavelength at stimulating the C1V1 opsin (Prakash et al 2012), sufficient current does
accumulate in the neuron and surrounding local network when imaging at higher optical zooms.
This type of stimulation could be used to optogenetically generate activity in localized circuits. n =
8 recorded neurons, 3 mice.

An alternative method for generating single action potentials in cortical
neurons in vivo, which is available on all commercially available two-photon
microscopes, was utilized for testing in neurons expressing C1V1-2A-YFP via viral
infection (Fig. 2.6a). A spatiotemporal photostimulation pattern of a 10 x 10 grid
of sites extending slightly beyond the borders of the neuron was chosen to ensure
robust action potential generation in the recorded neuron. The photostimulation
laser was directed to the target sites sequentially in raster fashion (0.1 ms/site,
0.1 ms inter-site interval, 20 ms total exposure time; Fig. 2.6a), generating exactly
one action potential with a latency of 17.3 ± 0.7 (mean ± SEM ) ms, measured
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from photostimulation onset, in putative pyramidal neurons, in a similar fashion to
recent work (Prakash et al. 2012). Increasing the total exposure time to 40 ms
(0.2 ms/site, 0.2 ms inter-site interval) generated more action potentials at longer
latencies due to the increased time it took to cover the cell soma (1.4 ± 0.09 action
potentials, 33.2 ± 2.1 ms latency to first action potential, n = 4 neurons, 3 animals,
57 photostimulation trials, Fig. 2.6b. Increasing the exposure time yet further to
120 ms (1 ms/site, 0.2 ms inter-site interval) generated a similar number of action
potentials in the recorded neurons (1.4 ± 0.07 action potentials, 60 ± 2.6 ms
latency, n = 9 neurons from 4 mice; 114 photostimulation trials; Fig. 2.6b).
Additional illumination did not result in more action potentials (perhaps due to
opsin desensitization exhausting the restricted population of opsins available in
the small photostimulation volume). For comparison, the same photostimulation
paradigm was also tested on a fast-spiking, putative interneuron, which responded
in a similar fashion, although with a shorter latency and more action potentials as
expected from its intrinsic electrophysiological properties (3.8 ± 0.17 action
potentials, 18.1 ± 1.3 ms latency, n = 1 neuron; 100 photostimulation trials; Fig.
2.7).

The spatial resolution of photostimulation using the grid pattern with 3 mm
galvanometers, measured by moving the pattern relative to the neuron, was 22
µm laterally and 67 µm axially (FWHM; Fig. 2.6c). In total, we recorded from 19
neurons in five mice while photostimulating with a range of parameters and found
a reliable strategy for optically generating action potentials in individual neurons
with low jitter in vivo.
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Fig. 2.6. Single cell two-photon raster photostimulation in vivo

(a) Top: Cell-attached patch clamp recording from a neuron in layer 2/3 of barrel cortex expressing
C1V1-2A-YFP in vivo overlaid with the photostimulation pattern (pipette, magenta; YFP, green;
photostimulation pattern, grid of red spots; scale bar, 10 µm.) Bottom: Raster of spike times around
stimulus delivery over 10 trials, with the electrophysiological recording from trial 1. Note the timelocked precision and reliable response to photostimulation (red bar).
(b) Top: Raster of spike times around stimulus delivery for four neurons photostimulated for 40 ms.
Bottom: Raster of spike times around stimulus delivery for nine neurons photostimulated for 120
ms.
(c) Lateral (top) and axial (bottom) resolution of photostimulated action potentials.

Fig. 2.7. Single cell two-photon raster photostimulation of an interneuron in vivo

(a) Photostimulation (120 ms grid, red bar) of a fast-spiking putative interneuron in layer 2/3 of
barrel cortex in vivo (inset, two-photon targeted cell-attached patch clamp recording, scale bar 10
µm) revealed robust action potential generation despite ongoing spontaneous activity (raster).
(b) The average spike rate during photostimulation (red bar) increased sharply relative to the high
background rate.
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Simultaneous photostimulation of multiple selected neurons

We used the SLM to split the photostimulation laser into individually spatially
targeted beamlets to activate multiple neurons simultaneously (Packer et al.
2012). Animals virally infected with C1V1-2A-YFP or C1V1-2A-mCherry showed
strong expression in neurons across large territories of cortical tissue, providing
many targets to select for simultaneous photostimulation (Fig. 2.8a). Spiral
scanning the beamlets as a group allowed more neurons to be targeted, as less
power per beamlet is required (i.e. a high power density in a small beamspot is
spatiotemporally multiplexed over a neuron, as opposed to an alternate strategy
whereby much more power is directed on sample, but distributed over a larger
area (Peron and Svoboda 2011)). We confirmed that our photostimulation strategy
generated action potentials via simultaneous two-photon targeted cell-attached
recordings when just one of the selected ten targets was positioned over a neuron
(Fig. 2.8b). Spiral scans lasting 11 or 16 ms reliably generated one action potential
at similar latencies (1.2 ± 0.04 and 1.2 ± 0.05 action potentials, one or more
action potentials on 98 ± 3 and 88 ± 4 % of trials, 26.4 ± 13.3 and 21.4 ± 3.3 ms
latency, 18.8 ± 17.1 and 8.0 ± 4.0 ms jitter [defined as the standard deviation of
the latency] respectively; 107 photostimulation trials in six neurons in four
animals; Fig. 2.8c). Increasing the spiral duration increased the number of action
potentials generated and latency (34 ms spiral: 1.5 ± 0.06 action potentials, one
or more action potentials on 87 ± 8 % of trials, 34.10 ± 4.6 ms latency, 11.3 ± 3.3
ms jitter, 93 photostimulation trials in six neurons in four animals), presumably
due to the increased photostimulation exposure time and the longer time it took
to cover the cell body, respectively. Increasing the number of photostimulated
neurons from ten to 20 reduced the laser power per spot, resulting in a slight
increase in the latency (1.3 ± 0.06 and 1.2 ± 0.05 action potentials, one or more
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action potentials on 88 ± 6 and 100 ± 0 % of trials, 30.1 ± 8.5 and 35.9 ± 4.0 ms
latency, 17.0 ± 11.9 and 5.6 ± 0.8 ms jitter for 16 ms and 34 ms spirals
respectively; 70 photostimulation trials for six recorded neurons in three animals).
In summary, we demonstrated optically generated action potentials with low jitter
(comparable to previous in vitro work (Papagiakoumou et al. 2010, Packer et al.
2012, Prakash et al. 2012)) in 10 to 20 selected neurons, confirmed by recording
from 11 neurons in seven animals. These experiments show that our approach
can generate precisely timed action potentials in multiple, individually selected
neurons using programmed patterns of photostimulation.

Fig. 2.8. Precise, concurrent photostimulation of multiple identified neurons in vivo.

(a) The leftmost panel shows an example field of view of somatosensory cortex layer 2/3 neurons
expressing C1V1-2A-YFP (scale bar, 100 μm). The remaining panels, from left to right, present a
protocol for targeting spiral photostimulation patterns to multiple locations using the SLM and
galvanometer mirrors (scale bars, 100 μm). (b) Left, magnification of a showing cell-attached patchclamp recording configuration in which multiple locations were photostimulated while action
potential generation was electrophysiologically recorded in one of the targets. Middle, raster of
spike times around stimulus delivery over ten trials (photostimulation, pink bar). Right, overlaid raw
data showing low latency and jitter. (c) Metrics evaluating performance for 10 and 20 spot
photostimulation patterns and spiral photostimulations lasting 11, 16 or 34 ms. Error bars are
s.e.m.; n = 6 neurons, 4 mice.
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Network readout during targeted multi-neuron stimulation

We combined the all-optical approach (Fig. 2.1) with the photostimulation of
multiple specified neurons (Fig. 2.8) in order to investigate how precisely
controlled photostimulation inputs are integrated by neural populations in vivo. We
programmed the SLM to generate ten beamlets targeted to a cluster of ten
neurons. While simultaneously imaging these and the surrounding 290 neurons
at 30 Hz, we photostimulated the ten selected neurons (Fig. 2.9a). Individual
target neurons showed strong and reliable responses to photostimulation (Fig.
2.9b-c). We performed this experiment in three mice. Only a small proportion of

neighbouring neurons responded (Fig. 2.10), as expected from our and others’
previous work (London et al. 2010, Kwan and Dan 2012). Some neurons
expressed GCaMP6s very strongly, as observed previously (Tian et al. 2009, Chen
et al. 2013), and showed reduced responses to photostimulation (Fig. 2.11a),
though these neurons could be excluded from subsequent analysis. The response
to photostimulation correlated slightly but not significantly with the expression of
C1V1 (Fig. 2.11b). In summary, we were able to optically invoke spatiotemporally
precise action potentials in defined sets of neurons while simultaneously recording
the responses of those neurons as well as many others in the same field of view.
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Fig. 2.9. Simultaneous fast calcium imaging and concurrent photostimulation of multiple neurons
in vivo.

(a) A field of view of neurons in layer 2/3 of somatosensory cortex colabeled with C1V1-2A-mCherry
and GCaMP6s (scale bar, 100 μm). Ten neurons were targeted for simultaneous photostimulation
(white circles). (b) Calcium transients from the ten photostimulated neurons showing the responses
on all individual trials. (c) Colour-coded plot of the strength of photostimulation in the field from
panel a as measured by the sum of inferred spikes immediately post-stimulation. Stimulated
neurons are circled in black. 300 total neurons, 120 trials, mean inferred action potentials postphotostimulation = 1.0 ± 0.1 (mean ± s.d.; black arrowhead in legend).

Fig. 2.10. Activation versus distance from nearest stimulated neuron during simultaneous
activation of ten target neurons

Pooled data from multiple experiments where 10 neurons were photostimulated in layer 2/3 of
barrel cortex, and the resulting activity was measured in the local network. Neurons are binned by
distance from nearest stimulated neuron in 10 µm increments. The red bin at zero is comprised
solely of the photostimulated neurons. Grey bins contain all non-stimulated neurons in the field of
view. Open circles are individual neurons. The white line and shading indicates mean ± SD
background firing rate across all non-stimulated neurons during non-stimulation periods. The curve
defining the spatial resolution of single cell photostimulation from Fig. 2.4 is overlaid in black. Note
that numerous cells at 50 µm or greater from the nearest stimulated cell are above the level of
background spontaneous activity, which are not likely to have been directly photostimulated. White
stars indicate significance of average spike count within a bin versus baseline (Mann-Whitney test
p < 0.05 [Bonferroni corrected for 33 bins p < 0.0003]). n = 3 mice, one FOV and one 10-neuron
stimulation pattern per mouse with 10 trials per repeat and ~14 repeats per mouse. Total of 672
imaged neurons, 30 of which were stimulated in 370 trials.
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Fig. 2.11. Correlations of response to photostimulation with GCaMP6s and C1V1 expression levels

(a) Significant inverse relationship (Spearman rho = 0.40; p < 0.0001) between normalized
response to photostimulation (sum of inferred spikes post-stimulation) and normalized GCaMP6s
expression levels (mean brightness of region of interest containing neuron) indicates that the more
strongly expressing neurons do not respond as well to the perturbation. Given the high reliability of
the perturbation, this is likely due to the known issue of GCaMP overexpression leading to aberrant
physiology (Chen et al 2013, Tian et al 2009). The response to perturbation could thus be used to
calibrate the dynamic range of the GCaMP6s signal per action potential in each neuron separately.
These data are from experiments in which ten neurons were photostimulated simultaneously.
(b) There is a small but insignificant correlation (Spearman rho = 0.06, p = 0.60) between the
normalized response to photostimulation and the normalized C1V1 expression level (as indicated
by the mean brightness of mCherry, which is expressed in stoichiometric concentration due to the
2A peptide). These data are from experiments in which ten neurons were photostimulated
simultaneously (not including the top 25% brightest GCaMP6s-expressing neurons based on a).

Long-term reliability and stability of all-optical interrogation

We assessed the reliability and stability of multiple cell stimulation and readout.
First, we photostimulated ten neurons (Fig. 2.12a) and then found the same ten
neurons one week later and photostimulated them again (Fig. 2.12b; in three
fields of view in three animals). We observed the same response to
photostimulation on both days (Fig. 2.12c). All neurons in all animals showed a
highly significant coefficient of determination between their response on day 1 and
day 8 (p < 0.0001, R2 = 0.7 to the identity line, Fig. 2.12d).
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Fig. 2.12. Longitudinal stability of all-optical photostimulation and readout

(a) Imaging and selection of targets in layer 2/3 of somatosensory cortex on Day 1 of a
representative experiment. White circles are the photostimulated targets (scale bar, 100 µm).
(b) The same field of view as (a), one week later.
(c) Mean ± SD calcium transient (for ten photostimulation trials) of the target cell in the dashed
circle in (a) on day 1 (black) and day 8 (grey).
(d) Data from three fields of view showed the mean responses to photostimulation on day 1 and
day 8 were highly correlated, implying the same responses could be observed from the same
neurons one week apart. The dashed line is the unity line. The solid grey line indicates the fit with
95% confidence interval shaded in grey.

All-optical interrogation in different behavioural states

To demonstrate the power of our strategy for probing the functional properties of
neural circuits in vivo we assessed how behavioural states modulate the
responsiveness of neural circuits. We applied our approach to monitor target
neurons and the local network response to photostimulation while mice were in
different behavioural states: running, awake but stationary, or under light
isoflurane anaesthesia. Recent work has shown that locomotion is a salient
modulator of neuronal activity in cortical circuits (Niell and Stryker 2010, Fu et al.
2014, Schneider et al. 2014). We performed experiments with awake and headfixed mice allowed to run freely on a fixed-axis cylinder (Fig. 2.13a) while we
repeatedly photostimulated ten target neurons (Fig. 2.13b). We simultaneously
recorded the response to photostimulation and running speed (Fig. 2.13c). We
found a significant correlation between mean amplitude of response to
photostimulation and running speed (Spearman rho = 0.27, p < 0.0001; n = 22
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experiments, 220 total stimulations in three mice; Fig. 2.13d). We performed the
same patterned stimulation in the same field of view in the same mice while the
animals were awake but not running, or lightly anaesthetized (Fig. 2.13e). We
found a significant reduction of target neuron responses to photostimulation when
animals were anaesthetized (p < 0.001 one-way ANOVA; p < 0.001 running vs.
anaesthetized, p < 0.05 awake vs. anaesthetized Tukey's test for multiple
comparisons). There was a significant difference between all behavioural states
for the responses of non-stimulated local network neurons (p < 0.0001 one-way
ANOVA, p < 0.01 running vs. awake, p < 0.0001 running vs. anaesthetized, p <
0.05 awake vs. anaesthetized Tukey's test for multiple comparisons; n = three
mice, 576 imaged neurons, 30 stimulated neurons, 280 trials distributed between
behavioural states, minimum 20 trials per state per mouse). These results
demonstrate the robustness of our approach for perturbing neuronal networks
during ongoing activity and different behavioural states.
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Fig. 2.13. Dependence of network perturbations on behavioural state.

(a) Mice were head-fixed and allowed to run freely on a fixed-axis Styrofoam treadmill. (b) A field of
view in which ten neurons in layer 2/3 of mouse somatosensory cortex (marked in white) were
chosen for photostimulation. These and the surrounding neurons across the field of view were
simultaneously observed with high-speed calcium imaging. (c) Top, mean calcium transient of all
stimulated neurons in response to simultaneous photostimulation of ten neurons. Bottom, running
speed. (d) Correlation between mean perturbation of responses to photostimulation and running
speed. (Regression line in grey.) (e) Comparison of inferred spike responses to photostimulation
(mean ± s.d.) during different behavioural states (n = 3 mice, 576 imaged neurons; Tukey's test
for multiple comparisons; *, ** and *** denote P < 0.05, 0.01 and 0.001, respectively; exact P
values in the text). Anes., anaesthetized.

Optogenetic manipulation targeted to functional ensembles

Our approach allowed us to target different groups of neurons within the
population based on their individual functional properties. To achieve this goal, we
first performed intrinsic imaging to identify barrel C2 in somatosensory cortex (Fig.
2.14a). Next, two-photon imaging of the responses of individual neurons to

sensory stimulation within the barrel revealed neurons that responded strongly or
weakly to particular stimulation orientations (Fig. 2.14b). We targeted
photostimulation to five neurons within each of the three groups while the animal
was awake and running on a styrofoam treadmill. The response to
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photostimulation was not significantly different between the strongly sensoryresponsive (both groups) and weakly sensory-responsive groups (max ΔF/F
response to photostimulation: 33 ± 4 % and 30 ± 6 %, p = 0.55, Mann-Whitney
test; n = 25 and 15 strongly and weakly sensory responsive neurons, respectively,
in two fields of view; Fig. 2.14c). This experiment highlights the utility of our
approach for activating functionally defined ensembles of neurons in the awake,
behaving animal.

Fig. 2.14. Targeting neurons for optogenetic manipulation based on their individual functional
signatures in vivo.

(a) A field of view (scale bar, 50 μm) showing neurons coexpressing GCaMP6s (green) and C1V12A-mCherry (pink) in the C2 barrel of mouse somatosensory cortex. (For definitions of symbols, see
b.) (b) Groups of individually identified neurons were selected for photostimulation based on their
response to dorsal-ventral and rostro-caudal whisker stimulation. Five neurons that responded
differently or not at all to sensory stimulation (grey shading) were simultaneously photostimulated
(pink line). (c) Simultaneous photostimulation of five neurons responding strongly to a given
sensory stimulation or weakly to both stimuli revealed similar responses (mean ± s.e.m.) to
photostimulation (n = 25 strongly responsive neurons and 15 weakly responsive neurons,
stimulated in groups of 5 in two fields of view in one mouse).
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2.4 DISCUSSION

Probing neural circuits at the spatial and temporal resolution at which they
function is crucial to understanding how populations of neurons work together to
drive behaviour. Optical approaches provide a means to directly address these
questions in a minimally invasive manner. We have developed an all-optical
strategy for activating and recording the same neurons with cellular resolution in
mice in vivo using a dual two-photon optogenetic and calcium imaging approach.
The strategy relies on viral coexpression of a genetically encoded activity sensor
(GCaMP6s) and a red-shifted opsin (C1V1). A spatial light modulator enables
targeting tens of user-selected neurons for temporally and spatially precise,
simultaneous optogenetic activation using 1064 nm excitation. In parallel,
simultaneous fast calcium imaging with single action potential resolution provides
readout of the manipulation as well as its effect on hundreds of other neurons.
The ability to target neurons based on their functional signature, rather than simply
their genetic identity, enables one to replay and manipulate natural patterns of
activity in neural circuits (Packer et al. 2013).
We calibrated the reliability and temporal precision of both activation and
readout of activity using cell-attached targeted patch clamp recordings from
identified neurons. The combination of indicator sensitivity and lack of spectral
overlap between the optogenetic excitation and GCaMP6s emission wavelengths
minimizes the stimulation artifact. The optical nature of the approach combined
with a chronic window preparation provides the flexibility to select individual
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neurons for stimulation while the animal is awake and behaving under the
microscope over weeks to months, and the ability to target activation of neurons
which are normally active during a behavioural task. We demonstrate proof-ofprinciple experiments by activating groups of layer 2/3 pyramidal neurons in
mouse barrel cortex in defined spatiotemporal patterns during behaviour. Our
method enables high-throughput, flexible, and long-term optical interrogation of
neural circuits in the mammalian brain in vivo.
This strategy provides a significant advance over previous approaches in
which neurons were defined either anatomically or genetically, as it allows
targeting of individual neurons based on their specific functional properties, as
characterized by activity measured during observation-only imaging experiments.
Such single neuron precision, simultaneous stimulation and readout experiments
will open up new avenues for optogenetic experiments.
Previous methods for single neuron precision optogenetic manipulation
relied on raster or spiral scanning methods to spatiotemporally multiplex a small
excitation beamspot over a cell body (Rickgauer and Tank 2009, Zhu et al. 2009,
Andrasfalvy et al. 2010, Losonczy et al. 2010, Packer et al. 2012, Prakash et al.
2012) or holographically ‘painting’ the cell body combined with temporal focusing
to provide optical sectioning (Papagiakoumou et al. 2010, Rickgauer et al. 2014).
All of these approaches have thus far only been demonstrated in vitro, aside from
our previous proof-of-principle experiments (Prakash et al. 2012) showing that the
two-photon optogenetic excitation strategy could work in vivo and recent work that
came out while this work was in review (Rickgauer et al. 2014). Other work has
shown that temporal focusing combined with general phase contrast enable action
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potential generation via two-photon excitation of channelrhodopsin deep in brain
slices (Papagiakoumou et al. 2013).
Our approach, combining SLM-based beam splitting with spiral scanning,
enables simultaneous addressing of a large population of neurons in vivo. There
is a tradeoff between the number of neurons that can be simultaneously
addressed versus how quickly a simultaneous stimulation pattern can be
performed, dictated by the power and time required for a given spatiotemporal
multiplexing strategy. In alternative holographic and/or temporal focusing based
approaches, simultaneous photostimulations can be achieved more quickly, at the
cost of addressing fewer neurons per ‘shot’. The advantage of such alternative
strategies may be more efficient shaping of the temporal profile of the response
pattern. Our strategy attempts to maximize the number of neurons per stimulation
while minimizing photostimulation time by splitting the beam and using a fast
scanning strategy to photostimulate neurons. Thus, while all of these technologies
are currently under active development, our approach is well-suited for generation
of synchronous activity among ensembles of neurons, which can be performed at
high rates in a sequence. We expect that the underlying biological question at hand
will dictate the choice between these different approaches in vivo.
Our all-optical, dual two-photon approach combining fast readout with highspeed calcium imaging of the most recent ‘ultrasensitive’ calcium indicator (Chen
et al. 2013) drastically reduces the crosstalk problem observed in previous alloptical approaches relying on one-photon excitation (Zhang and Oertner 2007,
Wilson et al. 2012, Fajardo et al. 2013). These approaches required blocking the
readout during photostimulation, resulting in loss of crucial data. Additionally, the
ability to directly observe neuronal locations and target neurons with single-cell
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precision removes any confusion about which cells are directly stimulated and
which are downstream (Lima et al. 2009, Kravitz et al. 2013), which has been a
problem for other simultaneous readout and manipulation strategies relying on
the combination of electrophysiology and optogenetics, such as optrodes (Royer
et al. 2010, LeChasseur et al. 2011, Anikeeva et al. 2012). Further development
of new molecular tools (Hochbaum et al. 2014), including characterization of their
two-photon excitation, will enable their integration into the in vivo approach
presented here. In addition, advances in faster and more complex imaging
methods (Ahrens et al. 2012, Prevedel et al. 2014, Quirin et al. 2014) and analysis
(Freeman et al. 2014), can also be incorporated into the readout side of the
approach.
Our ability to read out and manipulate activity in the same population of
neurons provides us with the unprecedented opportunity to target optogenetic
manipulation based on the functional signature of the neurons. Previously,
optogenetic manipulations could be targeted based on genetic and/or anatomical
identity alone (Yizhar et al. 2011), or on c-fos expression (Liu et al. 2012), which
only provides a very indirect readout of activity and lacks temporal precision. Here
we provide proof-of-principle experiments showing that we can use a detailed
functional characterization of the response of the neurons to different sensory
stimuli in order to enable targeting of specific ensembles in the population. This
will allow optogenetic manipulation to be targeted with far greater precision than
previously possible, enabling investigation of the neural code in only those neurons
within a population exhibiting a specific functional signature during sensory
processing or defined behaviours. Future work using this approach should provide
fundamental new insights into information processing in neural circuits in vivo.
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CLOSED-LOOP
ALL-OPTICAL INTERROGATION
OF NEURAL CIRCUITS
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3.1 INTRODUCTION

Understanding how the spatiotemporal patterns of activity in neural circuits drive
behaviour represents a fundamental problem in neuroscience. To define causal
relationships between activity patterns and behaviour we must not only read out
activity patterns in identified neurons, but also make precisely targeted
interventions. The ability to simultaneously read out and manipulate activity in
neural circuits using an “all-optical” combination (Emiliani et al. 2015) of imaging
and photostimulation now allows optogenetic interventions to be targeted to
individual neurons in the mammalian brain in vivo (Rickgauer et al. 2014, Szabo
et al. 2014, Packer et al. 2015, Forli et al. 2018, Mardinly et al. 2018, Yang et al.
2018) based on their functional signature (Rickgauer et al. 2014, Packer et al.
2015). However, this targeting has hitherto been guided by offline analysis, and
typically by averaging activity across multiple trials. Since the activity of individual
neurons can be highly variable, and their contribution to population activity can
vary from moment to moment (Shadlen and Newsome 1994, Rieke 1999, Pouget
et al. 2000, Averbeck et al. 2006), it is essential to be able to target
photostimulation guided by online measurements of activity. If the readout and
targeting is sufficiently rapid this offers the prospect of online closed-loop control
(Grosenick et al. 2015) in which photostimulation can be targeted to the
appropriate cells and titrated to enhance and transform evolving patterns of
neural activity.
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Here we implement an online feedback strategy to close the loop between
optical readout (using a genetically encoded calcium indicator, GCaMP6) and
optical stimulation (using an optogenetic actuator, C1V1). Our closed-loop module
accesses the raw pixel data streaming in real time from the microscope, enabling
rapid online analysis of population activity acquired through two-photon calcium
imaging. This online analysis is used to reconfigure photostimulation patterns and
is integrated with the hardware to deliver them (Fig. 3.1a and Fig. 3.2). To
demonstrate the range of new experiments enabled by our flexible closed-loop
approach, we use it to perform different classes of dynamic, activity-guided circuit
manipulations at cellular resolution in vivo.

Fig. 3.1. Targeted closed-loop all-optical readout and control in vivo.
a., Schematic of the closed-loop all-optical control system in which two-photon imaging is combined
with simultaneous two-photon photostimulation (photostim.). b., Experimental strategy for the
activity clamp paradigm. c., Simultaneous cell-attached recording from a neuron (white circle) that
was under activity clamp in layer 2/3 of mouse somatosensory cortex expressing GCaMP6s and
C1V1. Alexa 594 was put in the pipette for visualization. Scale bar, 50 μm. d., Top, calcium
transient from a single neuron clamped at three different activity levels (30%, 50% and 80% ΔF/F;
30 s clamping period). Middle, raster plot of electrophysiologically recorded action potentials (APs)
from the neuron in c during single trials. Bottom, photostimulation times. e., Mean activity clamp
(30 s clamp period) of 18 cells in somatosensory and visual cortex of awake animals. Shaded area
is s.d. Same photostimulation parameters as in d. n = 18 cells in six animals. f., Calcium signal
levels achieved during activity clamp in e versus target calcium signal levels. Grey points are
individual cells, coloured points are average. g., Spike rate increase during activity clamp at three
different target calcium signal levels, measured by simultaneous electrophysiological recording
(n = 7 cells in five mice under anaesthesia).
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Fig. 3.2. Architecture of the key hardware and software tools in the closed-loop all-optical system.
(a) Schematic diagram of the system architecture. The two-photon microscope is controlled using
Prairie View (Bruker Corporation). The directions and power of imaging and photostimulation laser
beams are independently driven by two sets of scanning modules and two Pockels cells. A custom
written closed-loop interface links the online microscope readout with photostimulation control and
sensory stimulation control. PackIO (Watson et al 2016) synchronizes and records voltage signals
across devices. Commands are sent from the closed-loop interface to PrairieView, the custom SLM
control and sensory stimulation control software, via TCP. PMTs, photomultiplier tubes. Note that
the SLM control and sensory stimulation control software could also be installed in computer 1. (b)
Software architecture of the closed-loop interface: the intensities of the user-selected ROIs
(regions-of-interest) are extracted from the raw data stream from Prairie View using PrairieLink
(Bruker Corporation). The interface enables users to select regions of interests (ROIs), monitor
calcium signal traces online, specify experiment protocols, and save recordings. If the closed-loop
intervention is enabled, the intensity values are passed to different processes according to the
experiment type (more in Supplementary Note). The sockets between the software and the closedloop interface are read continuously. (c) Software architecture of the sensory stimulation control
software. Voltage signals are sent to the piezo controller upon receiving a command from the
closed-loop interface (see Supplementary Note for further details). (d) Software architecture of the
SLM control software. The phase mask specified by the index in the socket is sent to the SLM
controller (Meadowlark Optics). An echo is sent to the client when this process is complete.
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3.2 METHODS

All experimental procedures were carried out under license from the UK Home
Office in accordance with the UK Animals (Scientific Procedures) Act (1986).

Virus injections

Surgeries were performed as described previously (Packer et al. 2015). Female
adult mice (approximately 4 weeks to 8 weeks old) were anaesthetized with
isoflurane (5% induction, 1.5% maintenance). A craniotomy was made above
barrel cortex or visual cortex and 1 µl of a mixture of AAVdj-CaMKIIa-C1V1(E162T)TS-P2A-mCherry-WPRE (Stanford Neuroscience Gene Vector and Virus Core,
genomic titer, 7.22 × 1012) and AAV1-hSyn-GCaMP6s-WPRE-SV40 (Penn Vector
Core, genomic titer, 2.04 - 3.25 × 1013) or AAV1-hSyn-GCaMP6f-WPRE-SV40 (Penn
Vector Core, genomic titer, 3.45 × 1013) virus (dilution factor 10:1) was injected
into layer 2/3 (~300 µm deep) (Packer et al. 2015). In most experiments,
GCaMP6s was chosen for its higher reliability in reporting spikes (Chen et al. 2013)
(Fig. 3.3a) to optimize online and offline analysis accuracy. For the plasticity
experiments, we used the faster and lower-affinity GCaMP6f to maximize the
speed of the feedback loop and minimize any disruption of calcium buffering. For
chronic imaging, a metal headplate with a 5 mm circular imaging well was fixed to
the skull with dental cement (Super-Bond C&B, Sun-Medical) prior to virus injection
before performing a larger craniotomy and installing a glass coverslip ‘window’.
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Fig. 3.3. Opsin and calcium indicator expression analysis and controls.
(a) The photostimulation-evoked change in the fluorescent signal of GCaMP6f-expressing cells is
significantly lower than the GCaMP6s-expressing cells (tested by photostimulating groups of 10
cells that have detectable C1V1-mCherry signal with 25 x 10 ms spirals at 100 Hz, 30 mW per cell,
Fidelity laser); P = 7.3 × 10-33, Kolmogorov–Smirnov test (two-sided); n = 1101 GCaMP6s cells in
6 animals; n = 1065 GCaMP6f cells in 5 animals). More than 65.8 % of all tested GCaMP6sexpressing cells had fluorescence intensity increases (ΔF/F) larger than 20%. (b) The response to
photostimulation in GCaMP6s-C1V1 cells in (a) does not correlate with the C1V1 expression level
(as indicated by the mean intensity of mCherry fluorescence signal. The coefficient of
determination (R-squared) of linear regression is 0.002). (c) Strong photostimulation (100 Hz, 500
ms duration, 30 mW, Fidelity laser; n = 50 trials, averaged responses from 5 cells) only produces
Ca signals in an animal coexpressing GCaMP6f and C1V1 (right), but not in a GCaMP-only control
mouse (left). (d) The increase in spike rate (normalized to baseline spike rate) following closed-loop
plasticity induction in does not correlate with the C1V1 expression level (Pearson’s correlation
coefficient r = 0.018, P = 0.89) or the baseline GCaMP fluorescence signal level (Pearson’s
correlation coefficient r = -0.019, P = 0.89, n = 57 cells in 6 animals ). Each point is a single target
neuron. The coefficient of determination (R-squared) of linear regression (outliers that are
above/below mean ± SD were excluded before fitting) is 0.00 and 0.02 for the C1V1 expression
level and GCaMP expression level (n = 55 cells in 6 animals), respectively.
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Imaging and photostimulation

Simultaneous “all-optical” imaging and photostimulation (Nikolenko et al. 2007,
Nikolenko et al. 2008, Guo et al. 2009, Dal Maschio et al. 2010, Anselmi et al.
2011, Packer et al. 2012, Prakash et al. 2012, Akerboom et al. 2013, Hochbaum
et al. 2014, Rickgauer et al. 2014, Szabo et al. 2014, Packer et al. 2015, Forli et
al. 2018, Mardinly et al. 2018, Yang et al. 2018) was performed using a custom
in vivo dual beam path microscope (Ultima, Bruker Corporation). Two-photon
imaging (512 × 512 pixel resolution per frame, 30 frames per second) of layer 2/3
mouse cortex (~100 to 300 µm deep) was performed by resonant-galvanometer
raster scanning a femtosecond-pulsed laser beam (Chameleon Ultra II, Coherent).
A 25x/0.95-NA objective (Leica) was used for all experiments. GCaMP6s (or
GCaMP6f) was imaged with excitation wavelength of 920 nm and mCherry was
imaged at 765 nm (field-of-view size, 268 × 268 µm, frame rate, 30 Hz, power on
sample, 30 to 50 mW, Chameleon laser). These imaging parameters were chosen
to be similar to those that have been used for imaging GCaMP6 signals in layer
2/3 in vivo with sufficient imaging quality (Chen et al. 2013, Packer et al. 2015,
Theis et al. 2016, Yang et al. 2018), and to minimize imaging “crosstalk”, i.e.
activation of C1V1 with the imaging laser (Rickgauer et al. 2014, Packer et al.
2015, Yang et al. 2018). To experimentally optimize the imaging parameters, we
previously performed two-photon imaging of a neuron with simultaneous
electrophysiological recording (Chen et al. 2013) and increased the power and/or
dwell time per neuron to determine when imaging evoked spikes (Packer et al.
2015). We then chose imaging conditions that gave sufficient imaging quality
while not inducing a significant change in the spike rate. Imaging at a higher power,
or lower scanning speed and/or using a smaller field-of-view could lead to
photoactivation (Packer et al. 2015, Ronzitti et al. 2017, Forli et al. 2018, Mardinly
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et al. 2018, Yang et al. 2018). Therefore, imaging power needs to be carefully
assessed for each experimental configuration, as the optimum parameters and
thus the tradeoff between imaging quality and crosstalk are expected to depend
on expression levels, kinetics and sensitivities of the opsin and the activity sensor,
as well as field of view size and imaging dwell times. The excitation source for
spiral-scanning photostimulation (Rickgauer and Tank 2009, Packer et al. 2015,
Carrillo-Reid et al. 2016, Yang et al. 2018) was a femtosecond-pulsed laser fixed
at 1070 nm (Fidelity, Coherent; average output, 2 W; pulse width, 55 fs; repetition
rate, 70 ± 10 MHz; or at 1030 nm (Satsuma HP2, Amplitude Systemes; average
output, 20 W; pulse width, 280 fs; repetition rate, 2 MHz. The plasticity protocol
did not lead to changes in nuclear fluorescence or the response to
photostimulation across days (Fig. 3.4). A reflective multilevel spatial light
modulator (SLM; OverDrive Plus SLM, Meadowlark Optics/Boulder Nonlinear
Systems; 7.68 × 7.68 mm active area, 512 × 512 pixels, optimized for 1064 nm)
was coupled to the microscope, with its active area relayed to the back aperture
of the objective as described previously (Packer et al. 2015). The weighted
Gerchberg-Saxton (GS) algorithm (Gerchberg and Saxton 1972) was used to
calculate holograms to be displayed on the SLM. The weights were adjusted to
compensate for the difference in diffraction efficiency between holographic spots.
The maximum number of neurons that can be photostimulated simultaneously is
mainly limited by the laser power. While here we demonstrated stimulation of
groups of ~10 neurons, given sufficient laser power, the method can be extended
to other applications where addressing more neurons (more than 100) is desired.
The closed-loop approach can in principle be combined with other
photostimulation strategies, such as temporal focusing (Oron et al. 2005, Zhu et
al. 2005, Papagiakoumou et al. 2008, Papagiakoumou et al. 2009, Andrasfalvy et
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al. 2010, Papagiakoumou et al. 2010, Rickgauer et al. 2014, Hernandez et al.
2016, Pégard et al. 2017). The spatial resolution of photostimulation can be
further improved using the somatic targeting opsins that are currently under active
development in the field (Baker et al. 2016, Shemesh et al. 2017, Forli et al. 2018,
Mardinly et al. 2018). All experiments were performed in awake mice except those
with electrophysiological recordings where the animals were anaesthetized.
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Fig. 3.4. Assessing long-term effects of photostimulation.
(a) The percentage of cells exhibiting nuclear fluorescence is 4.2 ± 2.6% on day 1 (before running
the conditioning protocol in Fig. 2), and 4.0 ± 2.4% on day 2 (24 - 48 hours after running the
plasticity protocol; 49 cells in 5 FOVs in 5 animals, n.s. P = 1.0, Wilcoxon signed-rank test (twosided); measure of center is mean; error bars show SD). (b) The photostim-triggered ΔF/F of cells
in (a) (average amplitude of 10 trials, 4 mW per cell, 15 x 10 ms spirals at 100 Hz, Satsuma laser)
on day 2 is similar to the levels on day 1 (n.s. P = 0.69, Wilcoxon signed-rank test (two-sided);
measure of center is mean; error bars show SD). (c) The GCaMP6f image, photostimulationtriggered ΔF and the C1V1-mCherry images of the tested cells on day 1 and day 2. The cells marked
in red squares are identified as ‘filled’ according to their GCaMP6f intensity (left panel). Note that
many of them still showed visible GCaMP responses when activated by photostimulation (middle
panel).
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Online analysis and closed-loop stimulation control

Raw data from the imaging acquisition card was made available to our custom
closed-loop interface (Fig. 3.2a-b) written in .NET Framework (Microsoft Visual
Basic) using the PrairieLink API which allows communication between external,
custom written software and the standard microscope control software (Prairie
View, Bruker Corporation). The raw data consisted of a continuous stream of
intensity samples which required interpretation using knowledge of the following
acquisition parameters: samples per pixel, pixels per line and lines per frame, in
addition to the acquisition bit-depth and bidirectional scan pattern. When online
motion correction is enabled to correct the lateral shifts in the field of view (Fig.
3.5), the raw data was converted into 512 × 512 frames and then registered to a

pre-loaded reference image using a discrete Fourier transform (DFT)–based
algorithm (Guizar-Sicairos et al. 2008). The data conversion and motion correction
process was accelerated by using a graphics processing unit (GPU; NVIDIA GeForce
GTX 750 Ti). The average signal from each pre-defined region-of-interest (ROI) was
extracted from the data stream, and then normalized either by the average value
during spontaneous activity or the 60 frames before sensory stimulation was
delivered. The frames recorded during photostimulation were not used for online
decision-making and were interpolated in offline processing. The activity threshold
used for event detection in the ‘trigger’ cells in Fig. 3.11 was continuously updated
to be the mean plus 2 standard deviations and mean plus 3 standard deviations
of the previous 60 frames (2 seconds), respectively. A higher threshold was used
in the closed-loop plasticity protocol such that photostimulation of the target cells
was paired with large burst-like events in the trigger cell (the ΔF/F threshold of
photostimulation is 39% ± 4.4%, Mean ± SE). More active cells were selected to
be the trigger cells in order to obtain a large number of trials during the pairing
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period (the baseline activity levels of the trigger cells were higher than 93.1% ±
4.0% of the other cells detected in the fields of view in the closed-loop experiments
and 90.8% ± 4.0% in the open-loop experiments; P = 0.51, Wilcoxon rank sum
test). In the open-loop experiment in Fig. 3.15, photostimulation was disabled in a
500 ms window after an event was detected in the trigger cell to avoid pairing
between the trigger and target cells. Each plasticity experiment consists of 30minute imaging of spontaneous activity followed by 30-minute photostimulation
conditioning and then 60-minute recording of spontaneous activity. Custom SLM
control software (Fig. 3.2d) using the Blink SDK (Meadowlark Optics) written in
C++ (Microsoft Visual Studio 2013) was used to load the pre-computed phase
masks that could generate different combinations of the beamlets targeting the
pre-defined target-neuron groups into the SLM controller’s buffer before the start
of the experiment. When an online decision of the photostimulation pattern was
made, the index of the required phase mask was sent from the closed-loop
interface to the SLM control software via Transmission Control Protocol (TCP)
communication, and the required hologram (if different from the current one) was
displayed on the SLM via the SLM driver electronics (Meadowlark Optics/Boulder
Nonlinear Systems). Spiral stimulation (driven by Prairie View) was triggered by
sending TTL pulses to the microscope control electronics via an analog output
device (USB-6212, National Instruments). For sensory stimulation the closed-loop
interface sent a command via TCP to custom software written in MATLAB (2016a,
MathWorks) which then output one of multiple different waveforms via an analogoutput device (USB-6343, National Instruments) to control a piezoelectric actuator
for whisker stimulation.
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Fig. 3.5. Quantification of motion-induced artefacts.
(a) During the 30 minutes closed-loop conditioning in Fig. 2 (animals were head-fixed and were
freely running on a running wheel), the lateral shifts of the fields of view are within 5 µm in 99% of
all frames (324,000 frames in 6 movies). (b) The average ΔF/F recorded from the trigger cell in the
raw movies (without motion correction) is close to that extracted from the registered movie (81%
of the differences in ΔF/F values are below 5%).

Sensory stimulation

For single-whisker stimulation, C2 whisker was inserted into a glass capillary
attached to a one-dimensional piezoelectric actuator (PL127.11, Physik
Instrumente). For multi-whisker stimulation, whiskers were deflected using a starshaped paddle attached to a two-dimensional piezoelectric actuator (NAC2710A01, Noliac). Weak and strong whisker stimuli were delivered by driving the piezo
with sinusoidal waveforms (20 Hz, 1 sec duration) of two different amplitudes (1.5
~ 4 V for strong deflections and 0.5 ~ 2 V for weak deflections; the amplitude was
adjusted based on the response of the target cell to produce significant
differences in the response reliability). During whisker stimulation, animals were
awake and head-fixed while sitting in a tube. Barrels were located by combining
whisker stimulation with widefield fluorescence imaging using one-photon blue
excitation provided by an LED (Thorlabs) together with a 5x/0.1-NA air objective
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(Olympus) and a CMOS camera (ORCA-Flash4.0, Hamamatsu; approximate fieldof-view 1.5 mm × 1.5 mm; 512 × 512 pixel resolution, 10 frames per second).

Electrophysiological recording

For electrophysiological validation of the ‘activity clamp’ experiments, acute
craniotomies were performed approximately 3 weeks post virus injection and twophoton targeted patch-clamp recordings (Margrie et al. 2003, Kitamura et al.
2008) were made using glass pipettes pulled from borosilicate glass (~5 MΩ
pipette resistance) and filled with ACSF (150 mM NaCl, 2.5 mM KCl, 10 mM
HEPES, 1.5 or 2 mM CaCl2, 1 mM MgCl2). Alexa 594 (20 µM) was included in the
pipette solution for visualization. Signals were recorded using a MultiClamp 700A
amplifier (Molecular Devices), filtered with a low-pass Bessel filter (4 kHz) and
sampled at 20 kHz using PackIO (Watson et al. 2016). Recordings were aborted
when the baseline firing rate of the target cell went above 4 Hz during the
experiment (2 cells in 2 animals). Trials in which the patched cells showed signs
of a significant decline in health (i.e. the baseline spike rates and/or amplitudes
decreased by more than 80%, and/or the spike widths, measured as the full width
at half maximum, increased by more than 80% during the recording) were not
included in the analysis.

Offline data analysis

Data were analyzed using toolboxes and custom scripts written in MATLAB and
Python. PackIO (Watson et al. 2016) recordings made during all the experiments
enabled precise post-hoc synchronization of stimulus delivery times and individual
imaging frame times. Motion correction was performed on calcium imaging movies
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using a discrete Fourier transform (DFT)–based algorithm (Guizar-Sicairos et al.
2008). Neuropil-subtracted fluorescence traces were extracted using the Suite2P
package (Pachitariu et al. 2016). We defined GCaMP6s events based on
fluorescence traces using a template matching algorithm (Clements and Bekkers
1997) (Fig. 3.6). For GCaMP6f, we calculated the inferred spike rate which is
defined as the time average of the spike train (analogue) returned by Suite2P
(Pachitariu et al. 2016), and is given in arbitrary units. As an alternative measure
of activity in GCaMP6f traces, we defined GCaMP6f events using an iterative
routine, in which the event times were adjusted iteratively to obtain the onsets and
amplitudes of bursting events (Fig. 3.6). The event onset times were first initialized
as the time when the inferred spike amplitude from Suite2P was greater than the
mean plus one standard deviation. Then, in one iteration, the events were
discarded if they occurred within a 150 ms window after the preceding event
and/or if the amplitude (90% reference level) of the fluorescence signal (measured
in a 2 sec window around the detected event time, normalized to the average value
in 20 frames before the event onset frame) was below zero. The calculated onset
times (10% rise time) were adjusted to be the new event onset times, and the
iterative procedure was repeated three times (Fig. 3.6b). Event rates are given in
Hz and event amplitudes in ∆F/F. Neuropil-subtracted calcium traces were
smoothed by a low-pass filter (1.5 Hz) and then normalized to the average of the
3% of data points with the lowest calcium fluorescence values before taking the
Pearson’s correlation coefficients. For plasticity experiments, the normalized
calcium transients were high-pass filtered above 0.02 Hz to correct for slow drifts
in baseline in the longer recordings before calculating correlation and the
population coupling factors (Okun et al. 2015). Fig. 3.2i-m only includes
experiments in which greater than 100 trigger-targets pairings were performed.
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Fig. 3.6. GCaMP6f event time detection
(a) An example showing detected events (red vertical lines) and inferred spikes (black) during
spontaneous calcium signaling (low-pass filtered, GCaMP6f, grey line). (b) Iterative adjustment of
event times. Top: event times (black vertical lines) were initialized as the spike times where the
inferred spike amplitude is above mean plus standard deviation; Bottom: in each iteration, the
events that are detected within 150 ms after the preceding event, and that have small amplitude
(ΔF/F < 0) were discarded; and the onsets of the calcium transients (grey line) were adjusted to be
the event times (red vertical lines). (c) Normalized calcium transients around detected event times.
Left: calcium transients (grey) aligned to the event times after initialization; middle: excluded
events that have ΔF/F amplitude less than zero; right: calcium transients aligned to the detected
event onset times (red vertical line).
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Data presentation and statistical analyses

All values are given as mean ± SD, unless otherwise noted. Statistical analyses
were performed using different tests as appropriate, as stated in the figure
legends.

Data and code availability

The original code, together with detailed instructions, is available at the following
Github link: https://github.com/alloptical/ClosedLoop. The authors will keep the
repository operating and freely accessible. The datasets generated and/or
analyzed in this study are available from the corresponding author upon
reasonable request.
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3.3 RESULTS

First, since many neural circuits are thought to use the average rate of spiking as
a neural code (Shadlen and Newsome 1994, deCharms and Zador 2000, Pouget
et al. 2000, Averbeck et al. 2006), we sought to implement an all-optical ‘activity
clamp’ in which a target activity level is maintained in individual neurons. We
achieve this by tailoring photostimulation to the online readout of somatic calcium
signals, which are correlated with spike rate (Helmchen et al. 1996). The
GCaMP6s fluorescence of a neuron also expressing C1V1 in layer 2/3 of mouse
neocortex was ‘clamped’ at various user-defined levels through continuous on/off
feedback control (Fig. 3.1b-d). During the closed-loop clamping period (30 s), twophoton optogenetic stimulation was delivered to the cell whenever its calcium
signal fell below the target threshold (30%, 50% or 80% ∆F/F). The achieved
activity levels were near the target values (absolute error = 5.2% ± 4.7% ∆F/F, Fig.
3.1d-f). Simultaneous cell-attached patch-clamp recordings confirmed that the

clamp of the calcium signal reflected clamping of the average spike rate (after a
transient instantaneous peak to reach the target; Fig. 3.1g and Fig. 3.7). These
experiments demonstrate that online feedback control can be used to tailor
optogenetic stimulation to produce a specific pre-set level of neuronal activation.
This strategy can also be applied to ensembles of neurons, efficiently mitigating
the cell-to-cell and trial-to-trial variability in optogenetic responses across a
neuronal population (Fig. 3.8).
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Fig. 3.7. Electrophysiological validation of single-cell activity clamp.
(a) Zoomed-in somatic calcium signal, action potentials and photostimulation time from Fig. 1d. (b)
Calcium signal recorded during activity clamp (red bar, 30 s) from 7 cells in 5 animals (animals
were under anaesthesia; center value is mean; shaded-area is SD). (c) Average calcium signal level
during steady state (from the time when the target calcium level was reached to the end of the
clamp) versus the target signal level (P = 0.00081, Kruskal-Wallis test; 7 cells in 5 animals). Grey
points are individual cells. (d) Spike rate extracted from cell-attached recording during activity
clamp of the same cells in (b). The instantaneous firing rate exhibits an initial peak followed by a
steady state (center value is mean; shaded-area is SD). (e) Average spike rate during steady state
(as in (c)) versus target calcium signal levels (P = 0.35, Kruskal-Wallis test). Grey points are
individual cells. (f) Photostimulation (10 ms spiral, 30 mW on sample, laser pulse repetition rate
70 ± 10 MHz, Fidelity laser, or 20 ms spiral, 10 mW on sample, laser pulse repetition rate 2 MHz,
Satsuma laser) rate during activity clamp from the same cells in (c) (P = 0.21, Kruskal-Wallis test;
7 cells in 5 animals; center value is mean; shaded-area is SD). (g) Average photostimulation rate
during steady state (as in (e)) versus target calcium signal levels. (h) Photostimulation success
decreased throughout the clamp period (coefficients of linear fit R1= -1.01, R2 = 71.6). %
Successful photostimuli, defined as the percentage of photostimuli that activated one or more
spikes (counted in 60 ms time window after the onset of each stimulation) out of the total number
of photostimuli triggered in the Xth second from the start of clamp (n = 5897 spiral photostimuli).
(i) Most (~63 %) photostimuli activated one or more spikes (counted in a 60 ms time window after
the onset of each stimulation). (j) In most cells (> 80%), the calcium level could be clamped to
within 30% of the ΔF/F of the target levels. (k) There is a weak correlation of clamp error with
baseline spike rate (P = 0.06, r = 0.44, n = 19 trials in 7 cells), which is not correlated with the
baseline fluorescence level (P = 0.55, r = - 0.07, n = 68 trials in 25 cells).
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Fig. 3.8. Clamping the activity level of multiple cells simultaneously
(a) A field of view in layer 2/3 of mouse somatosensory cortex co-expressing GCaMP6s (green) and
C1V1-2A-mCherry (pink; scale bar, 50 µm, 30 mW on sample, Chameleon laser). The activity of
four cells (white circles) were clamped around 50% ΔF/F for 30 seconds (red bar shows the
clamping time, during which the photostimulation rate and pattern were adjusted according to the
online ΔF/F readout, the instantaneous photostimulation rate per cell ranges from 0 to 6 Hz, 6 mW
per cell, Satsuma laser). Stimulating all four cells at a fixed rate (3 Hz, 30 sec) without closed-loop
feedback evokes different ΔF/F profiles in different targets (traces show the averages in three
trials, imaged at 30 Hz, downsampled by 5 for display). This is an example representative of 8
independent experiments with similar results. (b) The average activity level during clamping and
during fixed-rate photostimulation is similar (n.s. P = 0.57, 103 trials in 8 experiments, 4 animals;
4 ~ 6 target cells were clamped simultaneously in each experiment; Wilcoxon signed-rank test (twosided)), however, the variation between the target cells during clamping (measured as the standard
deviation between the calcium traces during 30 sec conditionings) is significantly reduced
compared to when they were photostimulated at the same time at a fixed rate (*** P = 0.0002,
Wilcoxon signed-rank test (two-sided); center of value is mean; error bars show SD). The animals
were awake in these experiments.

Next, we applied our closed-loop feedback control to manipulate sensory
responses in the awake mouse (Fig. 3.9a). In layer 2/3 of rodent somatosensory
cortex, the reliability and amplitude of sensory-evoked responses to passive
whisker deflections depend on deflection amplitude (Simons 1978). We deflected
a single or multiple whiskers under two conditions: one evoked small amplitude
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(weak), and the other large amplitude (strong) neural responses (Fig. 3.9b-c). We
used closed-loop optogenetic control to selectively boost the responses of an
identified neuron to the weak sensory stimulus only when the whisker stimulus
failed to produce a large response (evoked activity < 30% ∆F/F). This closed-loop
manipulation resulted in neuronal responses to the weak sensory stimuli being
boosted to a similar level as those evoked by strong sensory stimuli (Fig. 3.9d-e)
as well as restoring the reliability of trial-to-trial responses (Fig. 3.9f). The boosted
transients in the closed-loop trials are significantly larger than the linear sum of
the weak transients and the replayed photostimuli (Fig. 3.10). The latencies of the
boosted responses were comparable to those of strong sensory stimulation (Fig.
3.9g). These experiments demonstrate that we can rapidly enhance ongoing

patterns of sensory-evoked activity in neural circuits in the awake mouse.
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Fig. 3.9. Selective boosting of weak neural responses to a sensory stimulus by closed-loop
photostimulation.
a., Experimental strategy for closed-loop boosting of sensory responses. b., Left, configuration of
whisker stimulation and two-photon imaging. Right, field of view in the C2 barrel of mouse
somatosensory cortex. A neuron that responded to single whisker deflections was selected as the
target (white circle). Scale bar, 50 μm. c., Calcium transients from the target neuron in b recorded
while the mouse was presented with a train of single whisker deflections (purple). Top row,
response to strong whisker deflections. Second row, response to weak whisker stimuli. Third row,
neural responses to weak whisker deflection were boosted by photostimulation (red) if the activity
recorded online was below a predefined threshold after 300 ms from the onset of the whisker
deflection until the end of the deflection. Bottom row, playback photostimuli in closed-loop trials.
d., Calcium transients during individual sensory stimulation trials (black traces are the median
value of all trials; grey shaded areas show the interquartile ranges (25–75% quantiles); n = 6
neurons in four animals). Top, calcium signal during a strong sensory stimulus. Second from top,
responses to weak sensory stimuli. Third from top, photostimulation boosted the calcium signal to
pass activity threshold (30% ΔF/F) response during closed-loop intervention (inset shows the
number of photostimuli delivered in each trial). Bottom, response to photostimulation alone.
Purple, 1 s whisker stimulation; red, closed-loop intervention. e., Comparison of peak neural
response (mean ± s.d.) to different types of stimuli (strong, weak, closed-loop and
playback. P = 0.00014, one-way analysis of variance (ANOVA), **P = 0.0013, strong
(76.5 ± 27.9% ∆F/F) versus weak (33.5 ± 11.5% ∆F/F); **P = 0.0011, weak versus closed loop
(68.6 ± 13.5% ∆F/F); **P = 0.007, closed loop versus playback (32.8 ± 5.3% ∆F/F); not significant
(NS) P = 0.84, strong versus closed loop; NS P = 0.99, weak versus playback; **P = 0.0011, strong
versus playback; n = 6 cells in four animals). f., Robustness of the neuronal response to different
stimuli across trials with Δ F/F response to stimulation > 30%. (P = 0.00006, one-way ANOVA,
**P = 0.0037, strong (81.1 ± 15.4%) versus weak (42.2 ± 24.7%); **P = 0.0001, weak versus
closed loop (95.6 ± 8.1%); **P = 0.0013, closed-loop versus playback (52.2 ± 14.10%);
NS P = 0.47, strong versus closed loop; NS P = 0.74, weak versus playback; *P = 0.036, strong
versus playback; n = 6 cells in four animals.) Data are presented as mean ± s.d. g., Time taken for
sensory-evoked responses to cross the 30% ∆F/F threshold for strong sensory-evoked responses
(top values, interquartile range, 500–767 ms) and weak sensory-evoked responses boosted by
photostimulation (bottom values, interquartile range, 533–733 ms) is similar (P = 0.33, Wilcoxon
signed-rank test (two-sided), n = 90 trials, 6 cells in four animals). Purple bar, whisker stimulation
window (1 s); red, photostimulation window (starting 300 ms after the onset of whisker
stimulation). Data are presented as box-and-whisker plots displaying median, interquartile and
90% ranges.
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Fig. 3.10. Closed-loop photostimulation-boosted calcium transients are larger than the linear sum
of the calcium transients evoked by the weak sensory stimulation and the replayed photostimuli.
(a) Comparing the calcium transients in the closed-loop trials (same as in Fig. 1k, panel 3) with the
linear sum of the calcium transients evoked by the weak sensory stimuli (panel 2 in Fig. 1k) and
the replayed photostimuli (panel 4 in Fig. 1k, 90 trials, 6 neurons in 4 animals. Center values are
mean; shaded-areas are SD). (b) The peak of the stimulus-triggered calcium transients in the
closed-loop trials is significantly larger than in the linear sum of the weak sensory stimulation trials
and the replayed photostimulation trials (same data as in (a), ** P = 0.001, Wilcoxon signed-rank
test (two-sided); center of value is mean; error bars show SD).

Since the spatial and temporal patterns of activity in neural circuits are
crucial elements of many neural codes (Rieke 1999, deCharms and Zador 2000,
Bruno 2011), we next developed a strategy for flexibly manipulating neurons in a
circuit based on online readout of patterns of activity in the circuit. We selectively
activated groups of ‘target’ neurons according to readout of ongoing activity in a
‘trigger’ neuron in layer 2/3 of mouse neocortex (Fig. 3.11a-b). When the online
activity trace of the ‘trigger’ neuron exceeded a dynamic threshold (see Methods;
Fig. 3.12), we rapidly (Fig. 3.13) activated the ‘target’ neuron group by

simultaneous two-photon optogenetic stimulation (Fig. 3.11c-d). During this
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closed-loop protocol, the activity of the ‘trigger’ neuron and the associated ‘target’
neurons became highly correlated (Fig. 3.14a). Next, we multiplexed the approach
using multiple feedback loops running concurrently, enabling multi-cell readout
combined with multi-cell control. We selected multiple ‘trigger’ neurons in a single
field of view each with a different corresponding set of ‘targets’ (Fig. 3.11e-f). As
before, the ‘target’ neuron groups were selectively activated when the activity of
the appropriate ‘trigger’ neuron exceeded its threshold (Fig. 3.11g). Activity across
the ‘trigger’ and relevant ‘target’ neurons again became highly correlated during
this closed-loop protocol (Fig. 3.11h and Fig. 3.14b). These experiments
demonstrate that we can use our closed-loop strategy to flexibly manipulate the
temporal and spatial pattern of neural circuit activity.
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Fig. 3.11. Online activity–guided photostimulation of neuronal ensembles.
a., Experimental strategy for dynamic interrogation of ensembles with a single trigger neuron and
multiple targets. b., Field of view in layer 2/3 of mouse somatosensory cortex coexpressing
GCaMP6s and C1V1 in an awake mouse. A trigger neuron (thick white circle) was selected to drive
photostimulation of five target neurons (thin white circles; representative example of six
independent experiments with similar results). c., Calcium signal recorded from trigger neuron (top)
and target neurons (bottom). Target neurons are photostimulated (red vertical lines) upon
detection of an event in trigger neuron during closed-loop control period (140 s, shaded area). d.,
Calcium transients (mean ± s.d.) averaged across detected events during spontaneous activity
period (top) and closed-loop control period (bottom) (n = 6 trigger neurons, black trace; each trigger
neuron was associated with a different group of five target neurons; grey trace). e., Experimental
strategy for dynamic interrogation of ensembles with multiple trigger neurons and multiple targets.
f., Field of view in layer 2/3 of mouse somatosensory cortex in an awake mouse. Three trigger
neurons (numbered) were selected to drive photostimulation of three different groups of five target
neurons (indicated by lines from triggers to targets; representative example from three
independent experiments with similar results). g., Calcium transients in which target neurons (grey
traces) were photostimulated (red vertical lines; grey vertical lines show when other target group(s)
was stimulated) when their corresponding trigger neurons crossed an activity threshold (black
traces). h., Pearson’s correlation matrices of calcium transients recorded from trigger and target
neurons in g, during spontaneous period (top) and closed-loop period (bottom). Each colour bar
covers rows (or columns) corresponding to neurons in the same trigger-targets group, with arrows
indicating trigger neurons. Scale bars are 50 μm.
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Fig. 3.12. Validation of online GCaMP6s event detection.
(a) Online event detection results (red bars) compared with offline event detection results for the
example trace (closed-loop range) in Fig. 2c. Online event detection used the average calcium
signal within a circular ROI (20 pixels in diameter). Offline event detection (blue bars) was
performed on the neuropil-subtracted (Pachitariu et al 2016) GCaMP6s calcium trace (smoothed
by low-pass Butterworth filter) extracted from motion-corrected (Guizar-Sicairos et al 2008) movies
using template matching (Clements et al 1997). Events indicated by red arrows are false alarms
(i.e. events detected by the online algorithm and not by offline analysis); blue arrows indicate
missed events (i.e. events detected by the offline algorithm and not by online analysis). (b) Accuracy
of the online event detection results compared with the offline results. Sensitivity (the true positive
rate), which measures how many 'true events' were successfully detected, is defined as the number
of events that were detected both online and offline over the total number of events detected
offline; precision, which measures how many of the 'detected events' were 'true events', is defined
as the number of events that were detected both online and offline over the total number of events
detected online. Data are presented as box-and-whisker plots displaying median and interquartile
ranges (n = 6 trigger neurons in 3 animals; each trigger neuron was associated with a different
group of 5 target neurons).
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Fig. 3.13. Online feedback speed.
(a) Time from the decision-making frame acquired to the start of photostimulation in the singletrigger multi-targets experiments (motion correction not enabled, top, 6.96 ± 0.92 ms (mean ± SD),
n = 139 trials in 6 single-cell readout experiments) and multi-trigger multi-targets experiments
(bottom, n = 3 multi (three) - cell readout experiments). The distribution of the feedback time in the
multi-cell readout experiments showed two peaks corresponding to the trials that did not require
phase-mask update (7.01± 0.76 ms (mean ± SD), n = 90 trials) and the trials in which a different
phase mask was loaded onto the SLM (21.46 ± 1.88 ms (mean ± SD), n = 426 trials). Data are
presented as box-and-whisker plots displaying median and interquartile ranges. (b) Time delay
introduced by each element of the closed-loop system. (c) The computation time (fifth row in panel
b) increases with the number of monitored regions of interest (ROIs), but remains < 3 ms even
when 30 ROIs are read out simultaneously (n = 1000 frames in each condition; measure of center
is mean; error bars show SD).
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Fig. 3.14. Correlation of trigger and target activity during the spontaneous activity and closed-loop
control period
(a) Left: Pearson’s correlation coefficients between the calcium transients of the trigger cells and
their associated target cells (-0.04 ± 0.27 (mean ± SD) during spontaneous activity (grey) and 0.39
± 0.21 with closed-loop intervention (red); **** P = 2.9 × 10-7, Wilcoxon rank sum test (two-sided);
n = 30 trigger-target pairs of 6 trigger-target groups in 3 animals; same neurons as in Fig. 2d).
Right: Pearson’s correlation coefficients between the calcium transients of the target cells during
spontaneous activity (grey) and closed-loop intervention (red). **** P = 2.5 × 10-12, Wilcoxon rank
sum test (two-sided); n = 60 target-target pairs; same neurons as in Fig. 2d, measure of center is
mean). (b) Left: Pearson’s correlation coefficients between the calcium transients of the trigger
cells and their associated targets (-0.17 ± 0.30 (mean ± SD) during spontaneous recording and
0.32 ± 0.22 during closed-loop intervention; **** P = 1.2 × 10-9, Wilcoxon rank sum test (twosided); n = 45 trigger-target pairs of 9 trigger-target groups in 3 animals; same neurons as in Fig.
2h). Right: Pearson’s correlation coefficients between the calcium transients of the target cells that
were associated with the same trigger cell during spontaneous activity and closed-loop intervention
(0.08 ± 0.25 (mean ± SD) during spontaneous recording and 0.44 ± 0.27 (mean ± SD) during
closed-loop intervention; **** P = 1.0 × 10-10, Wilcoxon rank sum test (two-sided); n = 90 targettarget pairs; same neurons as in Fig. 2h; measure of center is mean).

105

CHAPTER 3

Finally, the ability to activate ensembles of neurons based on rapid detection
of activity patterns in defined trigger neurons allows us to ‘yoke together’ the
activity of user-defined neuronal ensembles. Such correlated activity is the
mechanistic hallmark of many theories of synaptic plasticity, which are challenging
to test directly in the intact brain (Hebb 1949, Martin et al. 2000, Carrillo-Reid et
al. 2016).To drive plasticity mechanisms in a targeted manner, we used our
closed-loop strategy to repeatedly drive activity in an ensemble of target neurons
based on activity in a trigger neuron and then monitored the resulting changes in
activity in the local network after this conditioning period (Fig. 3.15a-b). This was
compared with changes resulting from activation of a similar number of target
neurons using an ‘open-loop’ protocol, which avoids yoking together the activity of
an ensemble with that of a trigger cell (Fig. 3.15c-d). Following the conditioning
period, there was a persistent and significant increase in the spontaneous activity
of the target neurons (Fig. 3.15e and Fig. 3.16-17) in the closed-loop protocol,
which continued to increase post-conditioning. The changes were far more
pronounced than in the open-loop protocol, despite the photostimulation-triggered
activity in the target cells and number of stimuli being similar (Fig. 3.18a-c). The
spontaneous activity of background cells was also enhanced, though to a much
lesser extent than in the target cells (Fig. 3.17), and only after the closed-loop
conditioning protocol (Fig. 3.15e). The inferred spike rate of the target cells
specifically in episodes following detected events in the trigger cell became
significantly larger post conditioning (Fig. 3.19a), indicating long-lasting changes
to the temporal synchrony of our artificial ensemble. These findings suggest that
optically yoking together the activity of a trigger neuron with a neighbouring
ensemble can lead to specific and durable reconfiguration of the functional
connectivity patterns in the network. This is likely to involve changes at multiple
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loci in the network, involving trigger, target and non-target cells (Fig. 3.15f),
including the shared inputs of the trigger and target neurons, the direct and
indirect connections from trigger to target neurons, and between the targets
themselves, in addition to possible changes in intrinsic excitability (Zhang and
Linden 2003). The involvement of upstream and downstream connections may
result in the global increase in activity level after conditioning. Further work will be
required to examine the nature and relative importance of these changes in the
network. These results demonstrate that our all-optical closed-loop strategy is a
powerful approach for probing the mechanisms and function of plasticity induced
by manipulating correlated activity with cellular resolution in neural circuits of
awake animals.
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Fig. 3.15. Targeted enhancement of correlated activity between individual neurons triggers longterm plasticity of network activity.
a., Closed-loop conditioning. Ten target cells (red contours) were activated when an event was
detected in a trigger cell (black contour) in layer 2/3 of somatosensory cortex in an awake mouse.
Left, spatial map of all detected neurons in field of view. Colour shows amplitude of each neuron’s
calcium transients averaged in a 500 ms window after onset of photostimulation. Right, average
calcium transient of trigger cell (black) and target cells (grey) after photostimulation (red vertical
line; center value is mean; shaded area shows s.d.). b., Example spike rate inferred from calcium
imaging of trigger cell (top row) and target cells (bottom rows) before and after closed-loop
photostimulation (30 min conditioning in each experiment; a.u., arbitrary units). c., Same as a, but
for open-loop photostimulation. d., Same as b but for open-loop photostimulation. e., Inferred spike
rate of target cells increased significantly after closed-loop (CL) photostimulation (red,
****P = 1.3 × 10−10, Wilcoxon signed-rank test (two-sided), n = 57 cells in six animals) but not in
open-loop (OL) photostimulation targets (grey, NS P = 0.11, Wilcoxon signed-rank test (two-sided),
n = 56 cells in six animals). Change in inferred spike rate after closed-loop photostimulation was
significantly higher than change after open-loop photostimulation (****P = 3.5 × 10−8, Wilcoxon
rank sum test (two-sided); values are mean ± s.e.m.; all statistical tests in panel were performed
on average inferred spike rates of whole pre- or post-conditioning recording). f., Schematic showing
potential loci of plasticity. Closed-loop photostimulation may have induced changes in connections
from upstream neurons driving trigger and target neurons to the target neurons, direct and indirect
connections from trigger to target neurons, and connections between the targets themselves, in
addition to possible changes in intrinsic excitability (yellow). Scale bars are 50 μm.
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Fig. 3.16. The rate and amplitude of events in the target cells increased significantly after closedloop conditioning.
(a) Left: the rate of the detected events in the target cells increased significantly after closed-loop
conditioning (**** P = 6.4 × 10-11, Wilcoxon signed-rank test, n = 57 target cells in 6 animals).
Right: the detected event amplitude increased significantly after conditioning (** P = 0.0026,
Wilcoxon signed-rank test (two-sided)). (b) Target cells showed only a small increase in the event
rate (* P = 0.03, Wilcoxon signed-rank test; n = 56 target cells in 6 animals) and no significant
change in the event amplitude after open-loop conditioning (n.s. P = 0.29, Wilcoxon signed-rank
test (two-sided); measure of center is mean; error bars show SD).
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Fig. 3.17. Increase in spike rate in target cells is larger than in background cells after closed-loop
photostimulation.

Bootstrap test on the change in the inferred spike rate in the target cells and background cells:
increase in activity of the target cells was greater than that of 97% ± 2.7% (mean ± SE, n = 6
animals) of the bootstrap samples of the background cells. Grey area shows the distribution of the
change in inferred spike rate of 3000 randomly selected samples (groups of all detected cells in
the field of view (excluding the trigger cell) with the same number of cells as in the targets group);
red lines are the upper limit of the 95% bootstrap confidence interval; black arrows locate the
average change in the target cells in the distributions
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Fig. 3.18. Photostimulation-triggered activity and spatial distribution of cells in closed-loop and
open-loop experiments.
(a) Average calcium transient (mean ± SD, frames with photostimulation were interpolated by a
spline curve) evoked by photostimulation (stimulation duration 12 ~ 25 × 10 ms spirals at 100 Hz;
30 mW per cell, Fidelity laser or 4 mW per cell, Satsuma laser) in closed-loop (n = 57 target cells
in 6 animals) and open-loop experiments (n = 56 target cells in 6 animals). (b) The amplitude of
the calcium transient (maximum average response in a 500 ms window after the onset of
photostimulation, excluding the photostimulation period) in target cells evoked by photostimulation
in open-loop (grey, n = 56 target cells in 6 animals) and closed-loop (red, n = 57 target cells in 6
animals) experiments is similar (n.s. P = 0.58, Wilcoxon rank sum test (two-sided)). (c) Average
photostimulation rate during 30-minutes conditioning: 0.139 ± 0.049 Hz in the open-loop (grey)
and 0.136 ± 0.042 Hz in the closed-loop condition (red; P = 0.59, Wilcoxon rank sum test (twosided), n = 6 animals in each condition; measure of center is mean; error bars show standard
deviation). (d) The average lateral distance between the target cells (left, n.s. P = 0.48) and that
between the trigger cell and the target cells are similar in closed-loop and open-loop experiments
in Fig. 2 (n.s. P = 0.24, Wilcoxon rank sum test (two-sided). n = 6 animals in each condition). (e)
The change in the inferred spike rate after conditioning was not significantly correlated with the
level of photostimulation-evoked activity during conditioning. The coefficient of determination (Rsquared) of linear regression (outliers that are above/below mean ± SD were excluded before
fitting) is 0.02 and 0.00 for the open-loop values (n = 55 cells in 6 animals) and the closed-loop
values (n = 55 cells in 6 animals), respectively.
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Fig. 3.19. The activities of the trigger and targets became more correlated after closed-loop
conditioning.
(a) The inferred spike rate of the target cells and background cells in closed-loop and open-loop
conditions aligned to the onsets of the detected events in the trigger cells: after closed-loop
conditioning, the inferred spike rate of the target cells but not the background cells became
significantly higher during periods when the trigger cell is active (dark grey bar, 170 ms window
following an event in the trigger) than that during periods when the trigger cell is less active (n =
57, P = 0.004 for target cells and n = 451, P = 0.61 for background cells, Wilcoxon signed rank
test (two-sided)); neither the target cells nor the background cells after open-loop conditioning
showed an increase in spike rate that is locked to the events of the trigger cell (n = 56, P = 0.61
for target cells; n = 424, P = 0.17 for background cells. Center values are mean; shaded areas are
standard error). (b) Population coupling within the trigger-targets increased significantly after
closed-loop photostimulation (* P = 0.040, Wilcoxon signed-rank test (one-sided), n = 63 pairs of
coupling within 57 target cells and 6 trigger cells in 6 animals; center values are mean; error bars
are standard deviation). The increase in the coupling of one cell to the other cells in the triggertargets group is negatively correlated with the distance between the target cell to the trigger cell
(Pearson’s correlation coefficient r = -0.39, P = 0.0028) and the average distance between the
target cell and the other target cells (r = -0.38, P = 0.0033). (c) Pearson’s correlation coefficients
between the calcium transients of the trigger cells and their associated targets before and after
conditioning (* P = 0.029, Wilcoxon signed-rank test (one-sided); n = 57 pairs of 57 target cells
and 6 trigger cells in 6 animals). (d) Pearson’s correlation coefficients between the calcium
transients of the target cells that were photostimulated at the same time did not increase (n.s. P =
0.46, Wilcoxon signed-rank test (one-sided); n = 244 pairs of 57 target cells in 6 animals; center
values are mean; error bars are standard deviation).
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3.4 DISCUSSION

Our all-optical closed-loop interrogation strategy allows flexible manipulation of
neural circuits guided by ongoing activity. Previous approaches to closed-loop
control of neural activity (Krook-Magnuson et al. 2013, Paz et al. 2013, Newman
et al. 2015, Prsa et al. 2017), based on electrophysiological readout and
stimulation, or a combination of electrophysiological readout and optogenetic
stimulation, either lacked the ability to read out activity from genetically and
anatomically targeted neurons, or the ability to target photostimulation to
particular neurons. Our approach solves these problems by harnessing the spatial
precision of two-photon imaging and two-photon photostimulation to enable
targeting of readout and manipulation to visualized neurons with unprecedented
flexibility. Our strategy can in principle be implemented using a range of genetically
encoded sensors and optogenetic probes, enabling multiplexed imaging and
control of different populations by selective expression of different sensors and
actuators. Enhancement of the speed of the online feedback loop using future
generations of genetically encoded calcium or voltage sensors and optogenetic
probes with faster kinetics will further extend the reach of this approach. Closedloop all-optical control will enable groundbreaking new experiments in which the
temporal and rate codes of neural circuits can be manipulated in a targeted
manner as they evolve during behaviour. This will allow direct tests of models of
circuit connectivity, dynamics, and plasticity by enabling on-the-fly manipulation of
activity patterns. It could also be used to correct aberrant activity patterns in
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disease conditions such as epilepsy (Krook-Magnuson et al. 2013, Paz et al. 2013)
and Alzheimer’s disease (Iaccarino et al. 2016) and can provide the basis for a
new generation of optical brain-machine interfaces.
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4
THE INFLUENCE OF VISUAL CORTEX
ON PERCEPTION IS MODULATED BY
BEHAVIOURAL STATE
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4.1 INTRODUCTION

Understanding the relationship between cortical activity and perception remains
one of the most fundamental and challenging problems in neuroscience (Barlow
1972). Microstimulation experiments have provided direct evidence for a causal
role of activity in specific cortical circuits in biasing perception (Salzman et al.
1992, DeAngelis et al. 1998, Seidemann et al. 1998, Ditterich et al. 2003, Afraz
et al. 2006, Cicmil and Krug 2015). Moreover, microstimulation on its own can
elicit artificial percepts (Bartlett and Doty 1980, Romo et al. 1998, Murphey and
Maunsell 2007), as can optogenetic activation of cortical circuits (Huber et al.
2008, Sachidhanandam et al. 2013, Histed and Maunsell 2014). Nevertheless,
the number and functional identity of the stimulated neurons which are
responsible for modulating behaviour are unknown (Seidemann et al. 2002,
Histed et al. 2009), although activity in just a single cell can be detected with
extensive training (Houweling and Brecht 2008, Doron et al. 2014, Tanke et al.
2018). Moreover, since the local and downstream network activity resulting from
the manipulation have typically not been recorded, mechanistically linking the
manipulation and behaviour via circuit dynamics has previously not been possible.
Another complication is that silencing (Lee et al. 2012, Glickfeld et al. 2013,
Resulaj et al. 2018) and lesion (Lashley 1931, Schneider 1969, Dean 1978, Dean
1981) experiments have in some cases produced contradictory findings about the
requirement for cortical activity in perception and behaviour (Hong et al. 2018,
Wolff and Olveczky 2018). The modulation of cortical responses by behavioural
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state (Goard and Dan 2009, Niell and Stryker 2010, Polack et al. 2013, Vinck et
al. 2015), task outcome (Britten et al. 1992) and task demands (Boudreau et al.
2006, Chen et al. 2008) have been well reported. However, how the modulation
of cortical activity by state or task corresponds to the influence of that area on
behaviour has only been studied using largely correlative methods (Assad 2003,
Cohen and Maunsell 2009). Consequently, we lack a causal framework for linking
activity in specific cortical populations with perception in different behavioural
states.
To probe the importance of the identity of individual members in an active
population of neurons and their influence on cortical activity and behaviour, we
activated specific groups of cells distributed through a volume of visual cortex with
two-photon optogenetic stimulation (Rickgauer and Tank 2009, Papagiakoumou
et al. 2010, Packer et al. 2012) while performing simultaneous two-photon
population calcium imaging of the same volume (Rickgauer et al. 2014, Packer et
al. 2015, Carrillo-Reid et al. 2016, Forli et al. 2018, Mardinly et al. 2018, Yang et
al. 2018). We employed our all-optical approach in mice trained on a visual
detection task where task difficulty, and evoked cortical responses, were titrated
by adjusting stimulus contrast. This allowed us to address the following questions.
First, how important is the functional identity of individual members of an active
group of cells? And second, under what conditions does cortical activity guide a
perceptually-driven behaviour, and how does this depend on the specific routing
of information through the local V1 circuit?
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4.2 METHODS

All experimental procedures were carried out under license from the UK Home
Office in accordance with the UK Animals (Scientific Procedures) Act (1986).

Animal preparation

We used transgenic GCaMP6s mice (Emx1-Cre;CaMKIIa-tTA;Ai94 (Madisen et al.
2015) and CaMKIIa-tTA;tetO-G6s (Wekselblatt et al. 2016)) of both sexes aged
between P41 and P73. Doxycycline treatment in drinking water from birth to P49
prevented interictal activity in the Ai94 mouse line as described previously
(Steinmetz et al. 2017). No physical seizures or aberrant activity in widefield
imaging (for retinotopic mapping) were observed. To prepare the mice for alloptical experiments we excised the scalp and implanted a metal headplate. We
then removed the skull and dura overlying visual cortex, injected virus encoding
the opsin and implanted a chronic cranial imaging window in place of the skull.
Sterile procedures were used throughout. Before surgery, mice were given a
subcutaneous injection of 0.3 mg/mL buprenorphine hydrochloride (Vetergesic)
and anaesthetised with isoflurane (5% for induction, 1.5% for maintenance). The
scalp above the dorsal surface of the skull was removed and an aluminium
headplate with a 7 mm diameter circular imaging well was fixed to the skull
centred over the right monocular primary visual cortex (2.5 mm lateral and 0.5
mm anterior from lambda) using dental cement. A 4 mm diameter craniotomy was
drilled inside the well of the headplate, and the dura was then carefully removed.
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A calibrated pipette bevelled to a sharp point (inner diameter ~15 μm) connected
to a hydraulic injection system (Harvard apparatus) was used to inject small
volumes of virus (AAV2/9-CaMKII-C1V1(t/t)-mRuby2-Kv2.1). The dilution of virus
in buffer solution (20 mM Tris, pH 8.0, 140 mM NaCl, 0.001% Pluronic F-68) was
adjusted throughout experiments to optimise expression levels and ranged from
8-fold to 25-fold dilution of stock (stock concentration: ~6.9x1014 gc/ml). We
made ~5 insertions of the injection pipette, each site spaced by ~300 μm. At each
site we slowly lowered the pipette to a depth of 300 µm below pia and injected
150 nl of the virus solution at 50 nl/min. After each injection the pipette was left
in place for a further 3 minutes before slowly retracting. We then press-fit a chronic
window (a 3 mm coverslip bonded to the underside of a 4 mm coverslip with UVcured optical cement, NOR-61, Norland Optical Adhesive) into the craniotomy,
sealed with cyanoacrylate (Vetbond) and fixed in place with dental cement
(SuperBond). Following surgery, animals were monitored and allowed to recover
for at least 7 days. After recovery we began behavioural training. All-optical
experiments were then performed > 3 weeks post-surgery allowing for sufficient
expression levels (animals were aged P67 – P134, median = P97 at time of
experiments).

Behavioural training

We used an operant conditioning protocol whereby headfixed mice were required
to lick at a water spout positioned in front of them to report detection of a visual
stimulus. Licks were recorded electrically. If the mice reported presence of the
stimulus correctly a sugar water reward (10 % w/v sucrose) was delivered through
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the water spout. The behaviour hardware was controlled by custom software
(PyBehaviour, https://github.com/llerussell/PyBehaviour) interfacing with an
Arduino to trigger stimuli, record licks and deliver rewards. Mice had free access
to food in their home cage but access to water was limited to that acquired during
the task. Mice had their weight monitored before and after daily training and were
supplemented with additional water to maintain a minimum of 80% of their
starting body weight. Before training mice were habituated to handling and head
restraint over 2 days. Training then took place in individual sound-dampened
enclosures in which the mice were head-fixed and allowed to run on a treadmill.
While not an integral part of the task design we found that allowing mice to run
improved their performance in the task. Trials were triggered after mice withheld
licks for 4 ± 3 seconds, after which a monocular visual stimulus appeared in the
centre of the monitor. If the mice licked at the water spout at any point during the
stimulus a reward was delivered. In the first few days of training a reward was
delivered automatically at 800 ms. Mice quickly learnt the requirements of the
task and their reaction times preceded this automatic reward delivery time. After
a few days the automatic reward delivery was disabled. After the stimulus and
response window there was a fixed inter-trial period of 7 seconds before the next
‘withhold’ period was started. We also delivered randomly interleaved catch trials
(no visual stimulus) to record chance rate of licking and assess accuracy in the
task. Once stable performance was reached, we progressed the mice to a
psychophysical variant of the task where we introduced a range of contrasts to
assess their perceptual threshold. For the final experiment the trial order was
pseudo randomised so as to ensure a constant rate of ‘easy’ trials and rewards
while also ensuring that repeats of the same probe types were not immediately
consecutive.
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Visual stimulation

Visual stimuli were generated using custom software (using PsychoPy (Peirce
2008)). 30 o Gabor patches of drifting sinusoidal gratings (8 directions, 0 to 315 o
in 45

o

increments) with a spatial frequency of 0.04 cycles/o and a temporal

frequency of 2 Hz were presented on a monitor (typically 51.8 cm width, 32.4 cm
height, 15 cm from the animals left eye covering up to ± 47 o of the vertical visual
field and ± 60 o of the horizontal visual field), with a spherical distortion applied to
correct perspective errors.
Training. During training the orientation of the stimulus was randomised on every
trial in order to avoid repeated presentation of just one orientation and associating
only one orientation with reward, thus avoiding any potential unbalanced neuronal
changes. The orientation of stimulus atop which we will later photostimulate will
be determined on the day of the experiment by which cells we can photostimulate.
Thus, until that day all grating orientations are displayed and rewarded equally.
The duration of the stimulus was 1 second. Rewards were delivered if the mouse
licked during the stimulus regardless of the orientation.
Mapping orientation preference. To map orientation preference with two-photon
imaging the gratings were positioned in the retinotopically appropriate location
and were presented in a randomised order with a duration of 3 seconds,
interleaved by 5 seconds of mean luminance grey. If mice licked at the water spout
during this mapping block a water reward was delivered.
Experiment. During the behavioural experiments with photostimulation the visual
stimuli parameters were the same as during training except the stimulus was
positioned in the retinotopically appropriate location for the imaging field of view.
Two contrasts were used, high (100%) and low (range: 1 - 10%, mean ± SD = 4.9
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± 3 %). The direction of the high contrast stimulus was randomised on every trial
as during training. The direction of the low contrast stimulus was fixed to match
the orientation preference of the ‘cotuned’ photostimulation ensemble. The
cotuned ensemble was selected based on the highest number of visually
responsive, orientation tuned and photostimulation responsive neurons in the
FOV.

Widefield imaging

To locate primary visual cortex, and position the experimental field of view,
widefield GCaMP imaging was performed (usable FOV ~ 2 x 2 mm). GCaMP6s
fluorescence produced by one-photon excitation (470 nm LED, Thorlabs) was
collected through a 5x/0.1-NA air objective (Olympus) onto a CMOS camera
(Hamamatsu ORCA Flash 4.0, binned image size of 512 x 512 pixels, 20 Hz frame
rate). Contrast-reversing checkerboard bars, 10o wide were drifted vertically and
horizontally across a grey screen at a speed of 25 o/s in an interleaved sequence.
Stimulus triggered change in fluorescence for the two different stimuli revealed
areal borders and identification of primary visual cortex (Marshel et al. 2011). This
was repeated with two-photon imaging on the day of the experiment to confirm the
retinotopic location of the chosen field of view.

Two-photon population imaging

Two-photon imaging was performed with a resonant scanning microscope (Ultima
II, Bruker Corporation) using a Chameleon Ultra II laser (Coherent) driven by
PrairieView. A 16x/0.8-NA water-immersion objective (Nikon) was used for all
experiments. An ETL (Optotune EL-10-30-TC, Gardasoft driver) was used to
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perform volumetric imaging, spanning a 100 μm range with 33.3 μm spacing
between planes. The FOV size ranged from 600 x 600 to 850 x 850 μm, at a
constant image size of 512 x 512 pixels. The number of cells recorded (ROIs) per
experiment ranged from 316 to 4,454 (mean = 2,266 ± 1,607). In single-plane
experiments the frame rate was 30 Hz, in volumetric experiments the per-plane
frame rate was 7 Hz. GCaMP6s was imaged at 920 nm and mRuby (conjugated to
C1V1-Kv2.1) was imaged at 765 nm. Power on sample was 50 mW at the
shallowest plane (~150-200 μm below pia) and increased to ~85 mW at the
deepest plane (~250-300 μm), interpolating for intermediate planes, to equalise
imaging quality across planes. To maximise imaging quality (Galinanes et al. 2018)
we calculated the tilt of the sample relative to the microscope and then rotated
the objective along two axes to be perpendicular to the implanted coverslip
window.

Two-photon photostimulation

Two-photon photostimulation was carried out using a fibre laser at 1030 nm
(Satsuma, Amplitude Systèmes, 2 MHz rep rate). The low repetition rate of this
laser compared to the previously used lasers (Coherent Fidelity, 80 MHz) allows
for a much higher peak power – desirable to activate opsin molecules with high
energy per pulse – while keeping the average power low – desirable to minimise
one photon effects such as tissue heating and associated damage. The kinetics of
our opsin and the membrane time constant enable to current induced per pulse
to accumulate across the still relatively fast laser pulses. The laser beam was split
via a reflective spatial light modulator (SLM) (7.68 x 7.68 mm active area, 512 x
512 pixels, OverDrive Plus SLM, Meadowlark Optics/Boulder Nonlinear Systems)
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which was installed in-line of the photostimulation path (Neuralight, Bruker
Corporation). Phase masks used to generate focused beamlet patterns in the
sample were calculated via the weighted Gerchberg-Saxton algorithm. The targets
were weighted according to their location relative to the centre of the SLM’s
addressable FOV to compensate for the decrease in diffraction efficiency when
directing beamlets to peripheral positions. We calibrated the targeting of SLM
spots in imaging space by burning arbitrary patterns with the SLM using the
photostimulation laser in a fluorescent plastic slide before taking a volumetric
stack of the sample with the imaging laser. We manually located the burnt spots
and the corresponding affine transformation from SLM space to imaging space
was computed. For 3D stimulation patterns we interpolated the transformation
required

from

the

nearest

calibrated

planes

(Calibration

code:

https://github.com/llerussell/SLMTransformMaker3D). To increase stimulation
efficiency, we offset the photostimulation FOV with the photostimulation
galvanometers such that the centre of SLM space was close to the
cortical/imaging-space centroid of targeted cells. Spiral photostimulation patterns
(3 rotations, 10 μm diameter, 20 ms duration) were generated by moving all
beamlets simultaneously with the galvanometer mirrors. The laser power was
adjusted to maintain 6 mW per target cell. 6 mW per cell at a laser repetition rate
of 2 MHz, with the above stimulation spiral parameters, was decided upon as a
safe but effective power regime, allowing efficient activation of cells without
causing any sign of ablation or ill-health (Fig. 4.1).
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Fig. 4.1. Safety and efficacy of photostimulation.

A range of powers at two different laser repetition rates in two different stimulation protocols
(multiple cell or single cell) were tested. Based on these assessments 6 mW per cell (at 2MHz) was
chosen as a safe and effective power to use for all stimulation experiments. a.-c. Multiple cell
stimulation: cells were initially filtered for photoresponsivity, a 30-cell pattern was then selected
out of these photostimulateable cells. These patterns were then stimulated in blocks of increasing
powers at one of the two repetition rates. d.-g. Single cell stimulation: cells were selected from
GCaMP expression images with no knowledge of opsin expression. Single cells were then targeted
one by one for stimulation in blocks of increasing power. Various different expression strategies
were used. tetO refers to transgenic animals expressing GCaMP6s under the tetO system
(Wekselblatt et al. 2016). Spiral parameters for both protocols were as follows: 15 µm diameter,
20 ms duration repeated 5 times at 20 Hz. 10 trials of each stimulation were conducted, with 10
seconds between each stimulation.
a. FOV of GCaMP expression before and during multiple-cell photostimulation. Animals were
wildtypes virally expressing AAV1-hSyn-GCaMP6s and AAVdj-CaMKII-C1V1. Scale bar represents
100 µm.
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b. Average response size of the targeted ROIs as a function of either the average power of the
excitation spot (measured on sample), the peak power, or the integrated two-photon energy.
c. Average reliability quantified as the proportion of trials in which a response >30% ΔF/F was
detected. Plotted as a function of either the average power of the excitation spot (measured on
sample), the peak power, or the integrated two-photon energy.
d. FOV of GCaMP expression before and after the single-cell stimulation protocol. Scale bar
represents 100 µm.
e. Average response size of the targeted cells across trials and blocks of increasing power.
Responses all tend to decrease within a block, likely due to opsin desensitisation. The large
‘responses’ at 30 and 36 mW are a result of photoablation.
f. Average baseline fluorescence of the targeted cells across trials and blocks of increasing
stimulation power. We used the baseline fluorescence as an indicator of cell health, with increases
(that were not the tail end of GCaMP transients) representing an undesirable change. Note the
strong increase after a few trials at 18 mW.
g. The change in baseline fluorescence relative to the fluorescence at the very beginning of the
protocol (before any stimulation).

Naparm (Near automatic photoactivation response mapping)

To find photostimulation-responsive cells we semi-automatically detected cell
locations from expression images and stimulus-triggered average or pixelcorrelation

images

(STA

Movie

Maker,

https://github.com/llerussell/STAMovieMaker). These cell body coordinates were
then clustered into equal size groups of user-determined size (between 10 and
50) and the groups were stimulated one by one. The associated phase mask,
galvanometer positioning and Pockels cell control protocol were generated with
custom MATLAB software (Naparm, https://github.com/llerussell/Naparm) and
executed by the photostimulation modules of the microscope software
(PrairieView, Bruker Corporation) and the SLM control software (Blink,
Meadowlark). For responsivity mapping purposes we used a stimulation rate of 20
Hz, for 500 ms per pattern, and performed 8-10 trials. These data were then
analysed online together with the visual response mapping data to extract activity
traces and design stimulation ensembles (see below).
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Synchronisation

For subsequent synchronisation during analysis, analogue signals of various
trigger lines were recorded with a National Instruments DAQ card, controlled by
PackIO (Watson et al. 2016). The recorded inputs included two-photon imaging
frame pulses, photostimulation triggers, galvanometer command signals, triggers
to and frame flip pulses from the visual stimulus and the SLM phase mask update.
Photostimulation trials for the responsivity mapping block were triggered at a fixed
rate from an output line on the DAQ card. For the online behaviour experiments
photostimulation and visual trials were triggered through the behaviour software
and hardware.

Experimental protocol

On the day of the full experiment the following protocol was used. First, we located
an expressing region of cortex and quickly mapped the corresponding retinotopic
location with two-photon imaging. After determining where to position the visual
stimulus on the monitor we then presented drifting gratings of 8 different
orientations while performing two-photon imaging to map orientation preferences
of the recorded cells. Rewards were delivered during the visual stimuli if the mouse
licked. Next, we stimulated a large proportion of all cells in the recorded volume to
find which ones were photostimulation-responsive. Finally, we designed
photostimulation patterns for use in the behaviour experiment (see below). We
then gave animals ~10 trials to warm up before estimating the perceptual
threshold for that animal on that day, after which the main behavioural experiment
began. We recorded in 20 minute blocks, manually correcting for any drift in
imaging FOV.
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Neuronal response metric

To measure neuronal responses we extracted the mean fluorescence in a ~500
ms window (4 frames for 3D experiments, 15 frames for 2D experiments) starting
immediately after the photostimulation ended (and/or visual stimulus to ensure
comparable measurements) and subtracted the mean fluorescence in the ~1
second baseline (7 frames for 3D experiments, 30 frames for 2D experiments)
before the onset of photostimulation (or visual stimulus). We divided the difference
in the means by the standard deviation of the baseline window, to give a signal-tonoise ratio (ΔF/σF). If on a given trial, for a given cell, this value was greater than
1 the response was scored as activated, and if it was below -1 the response was
scored as suppressed (Fig. 4.2). We excluded all photostimulation frames because
of the associated artefact contaminating the activity traces. The slow kinetics of
GCaMP6s permit this, although the magnitude of response is underestimated. We
additionally compute a net response probability for each cell as the difference
between that cells probability of being activated and suppressed across all trials.
For comparison across experiments we then subtracted either the visually evoked
response probability, or for trials without visual stimulation, the probability of
detecting a positive or negative response in catch trials.
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Fig. 4.2. Photostimulation evoked responses of target and follower cells on single trials in one
example session.

a. Stimulus triggered average traces of photostimulation responses, grouped by response type
(directly targeted, activated, non-responsive, or suppressed). The thick line indicates the median
across all cells and trials and the shaded region indicates the inter-quartile range. Dashed
horizontal lines indicate the threshold used for classing a response in a given cell on a given trial
as either activated or suppressed. The dotted vertical lines indicate the onset and offset of
photostimulation.
b. Individual traces of all cells across all trials (sorted by response magnitude) grouped by whether
the cell was directly targeted or if the response was classed as activated, non-responsive, or
suppressed.
c. Illustration of the P(response) metric. Extracted responses are thresholded to allow each cell to
be assigned a probability of response (across trials) for both activation and suppression.
d. Comparison of the trial averaged P(response) metric for each cell in one example session with
other cell average metrics (ΔF/F and AUC (which is related to the probability of a linear classifier
correctly binarizing the distribution of baseline values from the distribution of response values)).
The P(response) metric is highly correlated with both the ΔF/F metric and the AUC metric. Each
point represents the average value across all trials for one cell. Dark coloured points indicate cells
that are determined statistically, significantly responsive when comparing the distribution of
evoked responses to the distribution of baseline values with a Wilcoxon rank sum test
(alpha=0.05).
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Online photostimulation ensemble design

To increase speed of data analysis immediately prior to the experiment we
streamed the raw acquisition samples to custom software (PrairieLink,
RawDataStream, https://github.com/llerussell/Bruker_PrairieLink). We used this
raw stream to process the pixel samples, construct imaging frames and in a subset
of experiments, perform online registration. Processing online allowed us to
directly output to a custom file format making the data immediately available for
analysis. Motion corrected movies were loaded into MATLAB (MathWorks) and
traces were extracted from both the photostimulation and the visual stimulation
movies, using the photostimulation targets as seed points around which circular
ROIs were dilated. We subtracted a neuropil signal from the ROI signal before
determining responsivity. We determined cells as photostimulation-responsive if
their evoked response (in a ~500 ms window after stimulus offset) to their direct
stimulation was > 30% ΔF/F on > 50% trials. We determined cells as visuallyresponsive by the same criteria (with response window of 2 seconds during the
stimulus presentation), additionally specifying their preferred orientation as the
stimulus that elicited the largest average response (Fig. 4.3).
Three types of task-relevant stimulation patterns were then designed in
each experiment, made up of the following constituent cells: 1. cotuned to the
visual stimulus, 2. non-cotuned to the same visual stimulus, but responsive to
different visual stimuli and 3. non-responsive to any of the presented visual
stimuli. After filtering for photostimulation-responsive cells the groups were
designed and matched for number of activated cells, average evoked response
magnitude and spatial clustering (average pairwise distance and nearest
neighbour distance) but differed maximally in sensory tuning. The cotuned group
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was selected first, taking the largest group of photostimulation-responsive and
orientation tuned neurons (minimum number of targets: 4, maximum: 79, median:
17) and thus set the constraints for the other groups to match. Groups were
matched within session, not across sessions (Fig. 4.4).
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Fig. 4.3. Visual stimulus responsivity

a. Stimulus triggered average activity traces during presentation of the cells preferred orientation
of stimulus, in one example session. Cells can be either activated by (red, suppressed by (blue) or
non-responsive (grey) to the set of presented stimuli. Thick lines indicate average (median) across
all cells and shaded region indicated the inter quartile range across all cells.
b. Showing all individual cells, from one session, response to their preferred stimulus (that which
elicits the maximum response), sorted by response magnitude and grouped by response type.
c. Tuning curves for each individual cell, in one example session, sorted by the cross-validated
orientation preference: half of the trials were used to determine the direction of stimulus which
produced the maximum response and the presented tuning curves are from the held out half.
d. Average proportion of responsive cells, across all experiments.
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Fig. 4.4. Photostimulation ensembles within a session are parameter matched for spatial
dispersion, size and responsivity but differ maximally in their responses to visual stimuli.

a. The number of neurons within the 10 μm search radius around each SLM target location, that
were detected as responsive to photostimulation.
b. The proportion of cells that were responsive to photostimulation in each session out of the
number that were targeted.
c. The average photostimulation evoked response for each cell within each ensemble.
d. The spatial spread of targets within each ensemble is matched across ensembles. Measured
by average pairwise distance between each target (d) and the average nearest neighbour distance
(e).
e. The proportion of cells with each of the ensemble classes that were characterised as visually
responsive.
f. The proportion of cell within each ensemble that share tuning to the fixed low-contrast stimulus
orientation (selected to match the cotuned groups preference)
g. The average signal correlation, computed as the correlation coefficient between average tuning
curves for each pair of cells, for each ensemble. All comparisons between groups made with
Wilcoxon signed rank paired, two-sided test with Bonferroni correction. * = P < 0.05/3, ** = P <
0.01/3, *** = P <0.001/3.
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Pre-processing: Imaging frame registration, ROI segmentation and
neuropil correction

For the final analysis the raw calcium imaging movies were pre-processed using
Suite2p (Pachitariu et al. 2017). The pipeline included image registration,
segmentation of active region of interest (ROIs), and of local surrounding neuropil
signal. The final selection of ROIs was filtered semi-automatically using anatomical
criteria to include only neuronal somata and discard spurious ROIs. We manually
inspected all FOVs to ensure consistent results. We subtracted a neuropil signal
from every ROI signal. The contamination of the ROI signal by the neuropil signal
depends on many factors including expression levels, imaging quality, and axial
sectioning by the imaging plane. We used robust linear regression to estimate the
coefficient of neuropil contamination for each ROI (Fig. 4.5 (Chen et al. 2013)).
The slope of this fit was used to scale the neuropil signal before subtraction from
the ROI signal, such that after subtraction there was no correlation between the
ROI baseline and neuropil. Neuropil subtraction had minimal effect on the
response magnitude and negative responses were seen even without subtracting
the neuropil contamination (Fig. 4.6 and 4.7).
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Fig. 4.5. Example of the neuropil subtraction procedure.

a. Example neuropil, ROI and neuropil-subtracted ROI traces from one cell. The segment of activity
includes part of the orientation preference mapping block and the beginning of the
photostimulation during behaviour block. Example photostimulation artefacts are indicated.
b. The correlation between the neuropil and the raw ROI signal (each point represents the average
of 7 frames). The slope of the robust-regression fit line is used to scale the neuropil signal before
subtracting it from the ROI signal. Dashed circles indicate both the set of points roughly
corresponding to photostimulation artefacts (shared between the ROI and the neuropil) and ROI
events (unique to the ROI, not seen in the neuropil).
c. The correlation between the neuropil and the neuropil-subtracted ROI signal.
d. The correlation between the raw ROI and the neuropil-subtracted ROI signal.

135

CHAPTER 4

Fig. 4.6. Minimal effects of neuropil subtraction on the spatial profile of the network response to
photostimulation.

a. The trial-averaged P(response) for activation (left) suppression (middle) and the difference
between the two (right) for all cells, including directly targeted cells, binned spatially and aligned to
the nearest target cell (0 μm lateral, 0 μm axial). The dashed vertical lines indicate the volume (20
μm diameter cylinder extending through all axial planes) excluded for ‘follower’ analysis in the
manuscript. P(response) metrics calculated on raw, non-subtracted, ROI traces. Data at negative
lateral displacements are the same as for positive displacements, for display purposes only.
b. Same as a) but for the final neuropil subtracted traces.
c. The average curves of P(response) against distance from nearest target for the lateral
dimension at the 0 μm axial plane, and for the axial dimension at the 0 μm lateral position. Left:
activated response, middle: suppressed responses, right: the difference between the two.
P(response) is calculated on the raw, non-subtracted, ROI traces.
d. Same as for c) but for the final neuropil subtracted traces.
e. Comparison of the lateral P(response) curves seen in c) and d) with and without neuropil
subtraction. Shaded region indicates the standard deviation across all stimulation sessions. Left:
activated response, middle: suppressed responses, right: the difference between the two. (N = 63
sessions, 14 mice. ** denotes P < 0.01, Wilcoxon signed rank test with Bonferroni correction).
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Fig. 4.7. Minimal effects of neuropil subtraction on the measured photostimulation response
magnitude and detection of negative responses.

a. Extracted photostimulation-triggered traces for all cells in one example experiment on one
example trial. Solid line indicates the median across the cells in that response category (targeted,
activated, non-responsive, suppressed). Shaded region indicates interquartile range. Dotted
vertical lines indicate the photostimulation period, note this is the period affected by the
photostimulation artefact and is the region with obvious difference between raw and neuropil
subtracted traces. Responses are extracted in a window after photostimulation offset to avoid the
artefact contamination.
b. Pooling all responses from all cells on all trials (to CT stimulation alone) in all sessions,
comparing with and without neuropil subtraction.
c. Only considering the detected negative responses in the final, neuropil subtracted traces. All
have a response of less than -1 ΔF/σF, as per criteria (shaded histogram). 95.4% of these negative
responses are associated with a negative response even when not performing neuropil subtraction
(white histogram).

ROI exclusion zones

In order to reduce potential off-target photostimulation artefacts we excluded from
consideration all cells within a 20 μm diameter cylinder extending through all axial
planes when analysing the network response to photostimulation due to potential
imaging and photostimulation artefacts (see Fig. 4.6). We redefined our target
stimulation pattern identities based on the ROIs segmented by Suite2p within the
20 μm lateral disk around each of the SLM target locations. We also excluded ROIs
in the first 100 rows of pixels of each imaging frame due to an ETL artefact related
to the settle time of the lens when changing planes.
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Behavioural session truncation

To ensure we only analysed periods of the behavioural session where the mice
were similarly engaged and motivated, we truncated the session when the rolling
average performance (20 trial sliding window) of the ‘easy’ high contrast trials
dropped below 70% of the starting performance.

Data exclusion criteria

We excluded trials if > 50% of photostimulation targets failed to respond on that
trial. We also excluded trials if the mice licked early (within the first 150 ms of the
presentation of the visual stimulus). Whole sessions were excluded if fewer than
10 trials in the low-contrast or low-contrast with photostimulation condition
remained (the median minimum number of trials in included sessions = 31 trials
(range 11 – 69)). Out of 30 completed sessions, 9 were excluded (5 because too
few trials remained, and 4 because of poor photostimulation efficiency)

Statistical procedures

No statistical methods were used to predetermine sample size. The experiments
were not randomised, and investigators were not blinded to allocation during
experiments and outcome assessment. Summary statistics in the text are reported
as mean +/- SD unless otherwise indicated. Statistical tests used are specified in
the text and were generally two-tailed and non-parametric.
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Behavioural effect of photostimulation resampling procedure

To assess statistical significance, we devised a procedure to determine whether
the photostimulation induced perceptual bias we observed across sessions could
occur by chance through behavioural variability. For each session we had a mean
lick rate to low contrast stimuli (baseline performance), and a mean lick rate to
low contrast stimuli with photostimulation. When we plot these values from every
session against each other, we get a slope that deviates from 1. To assess the
significance of this slope, we generated many resampled “fake” lick rates for each
session, then took one resample per session for every session and calculated a
“fake” slope across sessions for each resample. Each resample for each session
was constructed by sampling the same number of trials as were available for that
session in the low-contrast photostimulation trial type where each individual trial
had the same probability of being a hit (lick) as the real mean lick rate to the low
contrast stimuli. We did this 10,000 times and then asked if the real slope across
all sessions fell outside of the resampled distribution of slopes.

Pre-trial correlations

To compute the network synchrony prior to presentation of the visual stimulus we
used deconvolved activity traces (OASIS (Friedrich et al. 2017, Pachitariu et al.
2017)) smoothed with a Gaussian filter (sigma = 0.5 s). We used a 4.5 – 0.5 s
window immediately prior to the initiation of the trial (delivery of a stimulus, if not
a catch trial) as the ‘pre-trial’ period. We then computed pairwise correlations
within these windows and averaged together all pairwise correlation coefficients
across all cells (including targets) to give the total network correlation. We then zscored all network correlations within animal and across all trial types to facilitate
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across animal comparisons. When comparing hit and miss trials we resampled
10,000 times to match trial numbers.

Stimulus decoder

We used a multiple-class support vector machine (SVM) to decode and classify
trial type (presence and orientation of high contrast visual stimulus) within a
session, in which the output of multiple binary classifiers are compared to one
another. We only used ROIs which were determined to be ‘visually responsive’ and
excluded all target and nearby ROIs. We randomly selected half of the high
contrast visual stimulus trials and half of the catch trials (no visual stimulus) in a
session to train that sessions’ model. The remaining 50% of trials were used for
cross-validating the performance on the held out high contrast and catch trials.
We repeated this cross-validation procedure 100 times. We evaluated the highcontrast models with all of the available low-contrast trials. Note there was only
one orientation of low-contrast stimulus in each session. We averaged the test
results across all 100 permutations of the trained models for each session.
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4.3 RESULTS

We coexpressed the calcium sensor GCaMP6s (Chen et al. 2013, Madisen et al.
2015, Wekselblatt et al. 2016) with the excitatory, somatically-restricted opsin
C1V1 (Yizhar et al. 2011, Chettih and Harvey 2019) in pyramidal cells of L2/3
primary visual cortex (V1) of mice performing a visually guided behaviour. Mice
were head-fixed and trained to perform a visual stimulus detection task (Fig. 4.8a)
incorporating a randomised no-lick period before a small drifting sinusoidal grating
patch with a random orientation was presented, during which a reward could be
obtained via a lick spout (Fig. 4.8b). Mice learned the task quickly with a maximal
contrast stimulus, reaching a high level of stable performance (Fig. 4.9). Lowering
the stimulus contrast modulated performance on the task (Fig. 4.9).
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Fig. 4.8. Two-photon photostimulation of cotuned ensembles influences detection behaviour
depending on performance in the task.

a. Schematic outlining the experiment. Mice coexpress GCaMP6s and C1V1-Kv2.1 permitting
cellular resolution reading and writing of neural activity. Mice are headfixed and are trained to
perform a visual stimulus detection task. b. Structure of behavioural trials. After withholding licks
for a randomised interval (4 ± 3 sec) a stimulus is presented to the mouse. The mouse can respond
throughout the stimulus duration (1 sec) to receive a water reward. c. 5 different trial types are
presented to the mouse in a pseudorandom blocked structure. High contrast trials are interleaved
with low contrast, probe (photostimulation) and catch (no stimulus) trials. There are 3 types of
stimulation ensemble for each probe trial type, giving a total of 9 different trial types per session.
Any trial with a visual stimulus is rewarded if the mouse responds during the response window. d.
Top: Example FOV (one plane from a 4-plane volume) showing construct expression in L2/3 mouse
primary visual cortex. GCaMP6s is expressed transgenically and C1V1-Kv2.1 is expressed virally
through injection. Middle: Visual stimulus orientation preference map. 4 different orientations of
drifting gratings are presented to the mouse. Pixel intensity is dictated by the stimulus triggered
average response magnitude. Hue corresponds to stimulus orientation. Bottom: Prior to designing
the functionally defined stimulation ensembles we had to find which cells were expressing both
constructs sufficiently for photostimulation. The majority of recorded cells were grouped into 76
different clusters of 50 cells each (distributed across 4 planes) and targeted for sequential
photostimulation to confirm responsivity prior to the experiment. Pixel intensity indicates the
change in florescence caused by photostimulation. Colour corresponds to the photostimulation
cluster which caused the largest change in activity. White circles in the middle panel indicate
example targets within this plane selected for targeted photostimulation of a cotuned ensemble.
All scale bars 100 μm. e. 3 different types of stimulation ensemble are designed per experiment:
cotuned (CT, all cells prefer same visual stimulus), non-cotuned (NCT, cells prefer different visual
stimuli), and non-responsive (NR, cells are not responsive to the visual stimuli). Left: example visual
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stimulus orientation tuning curves of the target cells. Right: example average photostimulation
response for all cells (coloured lines) and group average (black line) when only that group of cells
is stimulated. Line colours indicate preferred orientation of visual stimulus for that cell. f. Example
lick raster. Trials are sorted by type for display. The stimulus is delivered at time zero. Licks are
indicated by black dots with the first lick indicated by a larger dot. Trial outcome is indicated to the
right (Black = licked, grey = no lick). The average probability of licks per trial type for this example
session is shown on the right. g. Average performance for all trial types across all animals (N = 14
mice, 21 sessions total). h. A strong relationship of behavioural modulation by CT photostimulation
with task performance is seen. At low performances photostimulation enhances behavioural
stimulus responses while at higher performances photostimulation suppresses responses.
Diagonal unity line is shown. Grey shaded region indicates CI of fit. i. To account for possible
regression to mean confounds the relationship in h. is compared to the range of expected fits from
a resampling procedure using the mean lick probability and trial numbers for each set of low
contrast trials. Only stimulation of cotuned ensembles results in a significant and detectable
deviation from the permutation test bounds. Error bars indicate the standard error of the slope and
intercept estimates.
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Fig. 4.9. Task acquisition and contrast
threshold

a. Lick raster plots, sorted by trial type (go
and catch) for the first, second and fifth
day of behavioural training for one
example animal. Black dots indicate the
first lick (reaction time) after presentation
of the visual stimulus. Blue line indicates
the timing of the automatically delivered
water reward (AR) in the early training
sessions.
b. Performance
improves
across
sessions for all mice included in this study.
Performance is defined as the probability
of the first lick occurring (before the
automatic reward delivery if present).
c. Reaction time decreases as the mice
learn the task.
d. Example lick raster for one mouse
during a psychophysical assessment
session. Trials were delivered in random
order but are sorted by stimulus contrast
for display.
e. Min-max normalised probability of
detecting a lick during the stimulus
presentation at different contrasts.
Performance decreased as stimulus
contrast decreased. The black circle
indicates the average contrast threshold
(50% detection rate at 3.0 ± 1.7 %
stimulus contrast).
f. Average time of the first lick (reaction
time) to the different stimulus contrasts,
at any point in the trial after the stimulus
presentation.
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To test the influence of activity in functionally defined groups of neurons
in V1 we targeted multiple cells for two-photon photostimulation while recording
the resulting neuronal and behavioural responses. We first identified sensory- and
photostimulation-responsive neurons in the retinotopically appropriate field of
view (Fig. 4.8d), and then designed and stimulated three different ensembles of
neurons (Fig. 4.8e): 1. Cotuned (CT, in which all constituent cells responded
preferentially to the orientation of the low-contrast visual stimulus), 2. Noncotuned (NCT, in which all constituent cells were responsive to the visual stimuli
but preferred different orientations, with each of the 4 orientations represented
equally) and 3. Non-responsive (NR, where all constituent cells were not
responsive to the presented visual stimuli). We randomised the photostimulation
of the three different ensemble types during low contrast visual stimulation with
an orientation matched to the cotuned ensemble’s preference. We also presented
the low-contrast visual stimulus without photostimulation and included trials
where we stimulated the same ensembles in the absence of a visual stimulus.
These trials were all interleaved with a high rate of non-photostimulation, high
contrast, random-orientation trials to maintain engagement in the overall task.
Averaged across all sessions in all mice, the detectability of the low contrast visual
stimulus was unchanged by photostimulation (Fig. 4.8f,g, P(Lick) for Low: 0.35 ±
0.21, Low+CT: 0.34 ± 0.15, Low+NCT: 0.39 ± 0.19, Low+NR: 0.36 ± 0.19. P =
0.76 Kruskal-Wallis test. N = 21 sessions, 14 mice). Surprisingly, on a session by
session basis, the stimulus detection rates on trials with photostimulation
displayed a clear dependence on task performance during that session: mice
performing poorly on low contrast trials were helped by photostimulation, and mice
which were performing well were hindered by photostimulation (Fig. 4.8h, R2 =
0.48, P < 0.001 for CT stimulation). This relationship was observed when
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stimulating any of the three ensembles (Fig. 4.10), but it reached statistical
significance (in comparison to resampling the non-stimulation trials) only when
stimulating the CT ensemble (Fig. 4.8i, slopes for CT: 0.52 ± 0.12, P = 0.004; NCT:
0.76 ± 0.12, P = 0.353; NR: 0.72 ± 0.13, P = 0.214; compared to slopes from the
resampled distribution [0.86 ± 0.12]. Intercepts for CT: 0.16 ± 0.05, P = 0.010;
NCT: 0.13 ± 0.05, P = 0.054; NR: 0.10 ± 0.05, P = 0.185; compared to intercepts
from the resampled distribution [0.05 ± 0.05]. N = 21 sessions, 14 mice). While
the slope for the effect of CT stimulation was largest the slopes were not
statistically different across stimulation ensemble types (CT vs NCT P = 0.092; CT
vs NCT P = 0.136; NCT vs NR P = 0.430, Student’s t-test). We saw no relationship
between the false alarm rate on catch trials and the performance on low contrast
trials or on photostimulation (+CT) trials (Fig. 4.11). In order to focus on one
consistent stimulation condition we chose to concentrate the remainder of our
analysis on the change in behaviour when stimulating just the CT ensembles.
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Fig. 4.10. Behavioural effect of photostimulation for all three stimulation ensembles.

a. Illustration of the resampling based statistical procedure to determine significance of the
relationship between the stimulus detection rates (P(Lick)) on trials without and trials with
photostimulation. For each session we generated a resampled session using the mean response
rate and number of trials for trials without photostimulation. We computed the slope and intercept
of the fit between the real response rate to the visual stimulus and the resampled response rate.
We repeated this procedure 10,000 times. We then compared the slope and intercept obtained
from the fit to experimental data – including photostimulation trials – to the distribution of slopes
obtained through the resampling procedure.
b. The relationship of stimulus detection rates (P(Lick)) within a session on trials without and trials
with CT ensemble photostimulation. P-values are computed from the percentile of the resampled
distribution in which the real slope lies. The unity line is shown in grey. The shaded region indicates
the 95% CI of the fit.
c. Same as for b) but for trials with NCT ensemble stimulation.
d. Same as for b) but for trials with NR ensemble stimulation.
e. Similar to b) the relationship between the stimulus detection rate without photostimulation and
the change (ΔP(Lick)) caused by photostimulation of the CT ensemble.
f. Same as for e) but for trials with NCT ensemble stimulation.
g. Same as for e) but for trials with NR ensemble stimulation.
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Fig. 4.11. Behavioural effect of photostimulation does not depend on the false alarm rate.

a. The relationship between the detection of low contrast visual stimuli and the chance rate (or
false alarm rate) of licking on catch trials (N = 21 sessions, 14 mice).
b. The relationship between the photostimulation mediated change in behaviour with the false
alarm rate on that session (N = 21 sessions, 14 mice).

The opposite effects of photostimulation depending on overall performance
suggests that V1 serves different roles during different behavioural demands and
cortical states. We therefore investigated the relationship between the state of
cortex and the behavioural effects of cortical stimulation. We first examined
network synchronicity, which is linked to arousal and attention (Harris and Thiele
2011, McGinley et al. 2015), in the period when the mice were waiting for a visual
stimulus (Fig. 4.12a, measured by average pairwise correlations between all cells
in the 4 seconds prior to the low contrast visual stimulus). We found that
successful (hit) low-contrast visual stimulus trials were preceded by more
asynchronous activity patterns than miss trials (Fig. 4.12b. Z-scored pre-trial
correlation coefficient on hits: -0.35 ± 0.33, on misses: 0.05 ± 0.18, P = 0.0017
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Wilcoxon sign rank test. N = 21 sessions, 14 mice) as recently reported (Beaman
et al. 2017, Speed et al. 2019). Since cortical synchronicity is linked to perceptual
performance, we next asked if the average difference in pre-stimulus synchronicity
between hit and miss trials in a given session varies with the level of overall
performance in that session. We found evidence for a greater difference between
the pre-stimulus network synchronicity on hit and miss low-contrast trials when the
task was more difficult for the mice (Fig. 4.12c, R2 = 0.18, P = 0.052. N = 21
sessions, 14 mice. See also Fig. 4.13). That pre-trial network synchronisation is a
better predictor of trial outcome in low performance conditions (compared to highperformance conditions) suggests that cortex was more actively engaged and
played a more prominent role in solving the task. This interpretation was confirmed
on photostimulation trials where we found a significant relationship between the
difference in network synchronicity before hit and miss trials, and the effect of
photostimulation on behaviour (Fig. 4.12d, R2 = 0.19, P = 0.048. N = 21 sessions,
14 mice. See also Fig. 4.13). In summary, when animals performed poorly at
detecting the low-contrast stimulus, the baseline correlation structure of the
cortical network was a better predictor of performance, and in this behavioural
state photostimulation of CT ensembles improved the detection of stimuli.
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Fig. 4.12. The state of cortex before and evoked by the visual stimulus influences the behavioural
impact of photostimulation.

a. Cartoon indicating the period of average spontaneous pairwise correlations preceding the
initiation of the behavioural trial and presentation of the visual stimulus. b. The average pairwise
spontaneous correlations between all cells within a session before hit trials are lower than before
miss trials. Each data point is one experiment (N = 21 sessions, 14 mice), the green point indicates
the mean correlation before hit trials, the grey point indicates mean correlation before miss trials
(comparison also shown inset, error bars indicate 95% CI). c. The difference in pre-stimulus network
correlations between hit and miss low-contrast trials (resampled 10,000 times to match hit and
miss trial numbers) within a session is plotted against the overall task performance on low-contrast
trials in that session. Each data point is one session. d. The photostimulation-mediated change in
detection rate of the low-contrast stimulus (ΔP(Lick)) in a session is plotted against the difference
in the pre-stimulus average network correlation between hit and miss low-contrast trials on that
session. Each data point is one session and is coloured by the animal’s performance on lowcontrast trials without photostimulation. e. Cartoon indicating behavioural trial and visual stimulus
evoked responses. f. There is more activity evoked on average in visually-responsive cells on hit
trials than miss trials. Each grey line is one session. g. The trial-outcome modulation of evoked
response magnitude depends on overall task performance. For all cells in each experiment, the
difference in evoked response on hit and miss trials (y-axis) is binned (10 equal sized bins) by
average response magnitude (x-axis) of that cell regardless of outcome (resampled 10,000 times
to match hit and miss trial numbers). The trial outcome modulation of the entire recorded
population in a given session is then defined as the linear slope of the binned response versus
outcome-modulation relationship. Each line represents one session, coloured by performance on
low-contrast trials in that session. h. The slope of modulation of responses by trial outcome for a
given session, which we interpret as a sign of active cortical engagement, correlates with the
behavioural effect of photostimulation (ΔP(Lick)) in that session. Each point is one session,
coloured by performance on low-contrast trials without photostimulation.
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Fig. 4.13. The relationship between pre-trial correlations and task performance.

a. Plotting the z-scored pre-trial correlation on only hit trials against performance on the lowcontrast trials reveals a relationship between the value of correlation on hit trials with overall
performance. Right: When plotting against the change in performance caused by photostimulation
a clear relationship emerges: Enhanced stimulus detection as a result of photostimulation is
associated with sessions in which hit trials have a lower pre-trial correlation.
b. Same as for a) but for correlations before miss trials. No relationship between miss trial pretrial correlation and behaviour is seen.

Next, we examined the relationship between activity evoked by the
behavioural trial and task performance, reasoning that activity evoked by the lowcontrast stimulus is likely to be a stronger determinant of its perceptual salience
than background activity before the stimulus. We first looked at the activity
resulting from the behavioural trials with low-contrast visual stimuli without
photostimulation (Fig. 4. 10e). On average, low contrast hit trials were associated
with more evoked activity in neurons that were responsive to high-contrast visual
stimuli (Fig. 4.12f. Hit: 0.19 ± 0.19 ΔF/σF, Miss: 0.13 ± 0.13 ΔF/σF measured in
a 500 ms window immediately after the end of stimulus presentation. P = 0.0041
Wilcoxon signed rank test. N = 21 sessions, 14 mice). We looked into this further
by examining how behavioural outcome is encoded in the activity of all recorded
151

CHAPTER 4

neurons. We investigated how the modulation of evoked activity by trial outcome
(which includes reward-related and movement-related activity due to the task
design of response window overlapping the stimulus presentation) depended on
the mean visual response of a neuron and the overall performance level of the
mouse in the session during which each neuron was recorded. More strongly
visually responsive neurons showed stronger modulation by behavioural output
such that neurons activated by the visual stimulus on average were relatively more
activated on hit trials in comparison to misses, and neurons suppressed by the
stimulus were more suppressed, producing a positive relationship between the
mean response of neurons to the visual stimulus and the extent of their
modulation by trial outcome (Fig. 4.12g). Furthermore, we found that the slope of
this relationship, which defines the extent to which a population is modulated by
trial outcome, depended on the overall performance on the session in which the
neurons were recorded (Fig. 4.12g, 4.14 and 4.15). In sessions with good overall
performance there was little to no modulation of evoked activity by trial outcome,
but when performance was poor there was a large difference between the activity
evoked on hit and miss trials. Similar to our findings on pre-trial correlation
structure, when animals found the task challenging, cortical activity was more
heavily modulated by trial outcome.

152

CHAPTER 4

Fig. 4.14. The trial-outcome modulation of evoked response magnitude depends on overall task
performance.

The slope of the recorded population stimulus response modulation by trial outcome is plotted
against the overall performance in the low-contrast trials in the session in which it was recorded.
Colour indicates the change in stimulus detectability on trials with photostimulation in these
sessions.
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Fig. 4.15. Average responses of the most and least responsive sub-populations on behavioural
trials with low contrast visual stimulation.

a. The average response on hit and miss trials for the bottom 10% of all cells (sorted by average
response magnitude) in each session. These are cells which are most suppressed by the visual
stimulus on average. The diagonal unity line is shown in grey. Each dot represents the average
population response in one session, coloured by the stimulus detection rate (P(Lick)) on low
contrast visual stimulus trials.
b. Same as for a) but for the top 10% responsive cells in each session.
c. The average response of the bottom 10% of cells (same as in a)) on hits (green) and misses
(grey) plotted against the behavioural performance in the low contrast visual stimulus trials.
d. Same as in c) but for the top 10% of all cells in each session. The biggest modulation of
response occurs in hit trials of the low performance sessions.
e. The difference between average responses on hit and miss trials for the least (bottom 10%,
blue) and the most (top 10%, red) responsive of all cells in each session, plotted against the
behavioural performance.
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These results suggest that the relationship between cortical activity and
performance depends on perceptual demand. In other words, when the detection
of low contrast stimuli is perceptually demanding for the mouse, V1 activity is more
tightly linked to behavioural performance, displaying less correlated activity in
general (Fig. 4.12c) and a larger dynamic range of activity evoked by the stimulus
(Fig. 4.12g). This indicates that these activity states reflect an active role of V1
when the perceptual demand is high. We next tested this hypothesis by examining
photostimulation trials and asking how the cortical signatures of active
engagement correlate with the influence of photostimulation on behaviour. We
found a positive relationship between the effect of photostimulation on stimulus
detectability and the extent of trial outcome modulation of the recorded population
in the same sessions (Fig. 4.12h. R2 = 0.44, P = 0.0011; N = 21 sessions, 14
mice). When trial outcome modulation was large, the effect of photostimulation
was to increase stimulus detection and this corresponded to sessions where
animal performed relatively poorly. Conversely, when mice performed the task
easily, V1 was more passive in its representation of stimuli and associated trial
outcome and photostimulation under these conditions suppressed the detection
of visual stimuli. Together, this confirms a shift in the role served by cortical activity
(from beneficial to suppressive) depending on perceptual demand.
How does photostimulation influence behaviour? The answer will depend on
how activity propagates from the directly stimulated neurons. To begin answering
this question we analysed how targeted photostimulation engaged the local
circuitry. We first examined the patterns of network activity evoked by
photostimulation of neuronal ensembles in the absence of a visual stimulus (Fig.
4.16a) and found that responsive neurons in the local network could be either
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activated or suppressed (Fig. 4.16b). The dominant effect of photostimulation was
suppression of other pyramidal cells revealing the known pattern of dense
inhibitory connectivity (Yoshimura et al. 2005, Kapfer et al. 2007, Silberberg and
Markram 2007, Fino and Yuste 2011, Hofer et al. 2011, Packer and Yuste 2011,
Jouhanneau et al. 2018). As we increased the number of photostimulated cells,
the number of suppressed cells in the local network scaled approximately linearly
with the number of activated cells (Fig. 4.16c, for target-zone neurons: R2 = 0.71,
P < 0.001; activated network neurons: R2 = 0.18, P < 0.001; suppressed network
neurons: R2 = 0.33, P < 0.001; N = 14 mice, 63 sessions (stimulation ensembles
pooled)). Concomitant with the increased suppression we saw a reduction of the
number of spontaneously activated cells. The progressive recruitment of
suppression resulted in the overall activity levels in the network remaining
approximately constant as the number of photostimulated cells increased (Fig.
4.17). We next examined the spatial distribution of activated and suppressed cells

by creating a photostimulation-triggered spatial average of responding cells. The
activated cells were localised in a narrow zone around each targeted cell, whereas
the suppressed cells had a more widespread distribution, forming an annulus
around the directly targeted cells (Fig. 4.16d). The differences between these
distributions produces an overall centre-surround motif of activation and
suppression, where the spatial spread of suppression is larger than that of
activation (Fig. 4.16e, spread of activation: 89 ± 48 μm; suppression: 166 ± 51
μm. P < 0.001 Wilcoxon signed rank test. N = 14 mice, 63 sessions (stimulation
ensembles pooled; see also (Chettih and Harvey 2019)). Interestingly, we found
no differences in the total evoked activity or the spatial profile amongst the three
different classes of stimulation ensemble (Fig. 4.17).
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Fig. 4.16. Photostimulation reveals net-inhibitory and centre-surround circuit architecture.

a. Example segmented ROIs from one FOV coloured by evoked response to photostimulation during
grey screen periods (catch trials). 4 planes were imaged simultaneously. Vertical black lines
indicate SLM targets (35 cells targeted for simultaneous activation in this experiment). b. Example
responses from a single trial showing the averages responses in directly targeted cells (black),
detected activated responders (red, mean fluorescence in the response window is greater than 1
SD of the baseline window), non-responders (grey), and suppressed responders (blue, mean
fluorescence in the response window is less than -1 SD of the baseline window). Bold lines indicate
the median and shading indicates the interquartile range across all detected cells on this trial. c.
Input-output function of the local network. The probability of detecting an activated (red) or
suppressed (blue) response in the network (excluding directly targeted cells) across all trials
without visual stimulus, after subtracting the spontaneous rate, is plotted as a function of the
proportion of cells stimulated. Each point represents the average response in one session,
coloured by the type of response being measured (Target cell activation (black), non-targeted
network activation (red) or suppression (blue)). The lines indicate the fit, of recorded response
against proportion of cells photostimulated, through all sessions. The shading indicates the 95%
CI of the fits. d. The spatial profile of photostimulation is revealed by plotting the probability of
detected responses (within the same plane as the stimulated cells) in 10x10 μm spatial bins,
where each non-stimulated cell is positioned relative to its nearest stimulated target cell. Left: The
spatial profile of the probability of detecting activated responses in the same plane as the
stimulated cells after subtracting the probability of response seen in spontaneous periods. The
spatial profiles are gaussian blurred (sigma = 10 μm) within each session and averaged across all
sessions (N = 21 sessions, 14 mice). Middle: The probability of detecting suppressed responses.
Right: The difference between the activated and suppressed response profiles reveals a small focal
region of net activation surrounded by an annulus of net suppression. e. Quantification of the mean
collapsed spatial profile of response probability similar to d. but across all recorded planes. Directly
targeted cells and excluded nearby cells shown in black (the peak seen at 33 μm are likely indirectly
stimulated cells immediately above and below a directly targeted cell), activation of non-targets
shown in red, and suppression shown in blue. The dashed lines indicate 95% CI. Inset: The
functional spread of suppressed responses is wider than the spread of activated responses. The
marginal coloured dots indicate the median and interquartile range.

157

Fig. 4.17. Network response to photostimulation for all three stimulation ensembles.

a. Left: The network output (difference in the probabilities of detecting an activated or an
suppressed response) in either just the target cell population (red), the entire recorded population
including targets (black) or the entire recorded population excluding the target cells (blue) when
photostimulating CT ensembles, plotted against the proportional number of cells stimulated
(number of targets divided by number of all recorded cells). Right: The average activated, and
suppressed, and the difference (net), response probabilities, for subpopulations of the recorded
network. Wilcoxon signed rank test. * denotes P < 0.05 after Bonferroni correction.
b. Same as for a) but for stimulation of NCT ensembles.
c. Same as for a) but for stimulation of NR ensembles.
d. The average net difference in network activity (detection of activated and suppressed
responses) when stimulating all three ensemble types in all cells including targets (left) or excluding
targets (right). Wilcoxon signed rank test with Bonferroni correction.
e. Left: The spatial profile of the network (excluding target cells) response to photostimulation of
all three ensemble types. Right: Quantification of the spread of activated and suppressed
responses.
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These findings suggest that the effect of stimulating specific ensembles on
behaviour (Fig. 4.8i) cannot be explained simply by their influence on the overall
activity of the local circuit. We therefore examined the effect of photostimulation
on the functional identity of the recruited network and how that modified the
neural representation of the visual stimulus, given that preferential connections
between similarly tuned neurons have been reported in V1 (Yoshimura et al. 2005,
Ko et al. 2011, Lee et al. 2016). We thus restricted our next analysis to visually
responsive neurons. We plot the probability of response of a neuron to the low
contrast visual stimulus with and without photostimulation as a function of two
variables: first, the tuning similarity to the fixed orientation of the low contrast
visual stimulus, and second, the physical distance between the neuron and the
nearest photostimulated neuron (Fig. 4.18a). Photostimulating CT ensembles
during the visual stimulus enhanced the responses of nearby (< 50 µm) cells with
tuning matched to the stimulus and therefore, the CT ensemble. The responses of
dissimilar cells at these distances were suppressed. Outside of this focal zone (>
50 µm) we observed net and indiscriminate suppression of visually evoked
responses. This motif of selective enhancement and suppression of cells in the
local circuit when stimulating CT ensembles sharpens the population tuning curve
of the network (Fig. 4.18bc. Population OSI change for neurons within 50 μm of
the nearest stimulated cell when stimulating CT: 0.26 ± 0.47; NCT: -0.02 ± 0.41;
NR: -0.14 ± 0.40. CT versus NCT P = 0.0045, CT versus NR P = 0.0078, NCT versus
NR P = 0.1672. For neurons greater than 50 μm away from the nearest stimulated
target when stimulating CT: 0.05 ± 0.09; NCT: -0.03 ± 0.23; NR: 0.00 ± 0.21. CT
versus NCT P = 0.0129, CT versus NR P = 0.1808, NCT versus NR P = 0.3754.
Wilcoxon signed rank test with Bonferroni multiple comparison correction). The
sharpening of the population tuning curve was a specific result of stimulating
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cotuned, visually-responsive cells (Fig. 4.17). Moreover, stimulation of nonvisually-responsive neurons suppressed the visually-responsive neurons (Fig.
4.18b, Fig. 4.19), revealing the existence of multiple competing populations.

Fig. 4.18. Photostimulation reveals like-to-like circuit architecture which impacts the stimulus
encoding capacity of the network and the behavioural report of the stimulus.

a. Restricting analysis to the non-stimulated visually-responsive subpopulation of neurons to relate
sensory stimulus tuning to connectivity. Left: The probability of response of neurons to low contrast
visual stimulus, binned by selectivity to the visual stimulus and by distance to the nearest
stimulated target cell (note, there is no photostimulation in these trials), averaged across all
experiments (N = 21 sessions, 14 mice). Middle: Responses to low contrast visual stimulus but
with simultaneous photostimulation of CT ensemble. Right: The subtraction of visual-only from
visual with photostimulation reveals that photostimulation causes net suppression with featurespecific activation and suppression in a small spatial region close to the stimulated cells.
Convolved with a gaussian filter, sigma = 1 bin (10 μm) for display only (N = 21 sessions, 14 mice).
Shown on the right are example traces from a cell whose visually evoked response was enhanced
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by photostimulation, and one whose response was suppressed. b. Population orientation tuning
curves. The photostimulation evoked change in the visual stimulus response for all visuallyresponsive cells, binned by orientation preference (aligned to the stimulus orientation used for the
experiment; Δ0 is the orientation of the visual stimulus and thus the preference of the cotuned
ensemble) and then averaged across experiments. Two curves are shown, one for cells within 50
μm of the target cells (black) and one for cells further than 50 μm away from the nearest target
cell (grey). Data at Δ-90 is the same as Δ+90, for display only. Thick lines show the mean and the
shaded errors bars show the standard deviation. c. The selectivity (ratio of the value at Δ0
compared to the baseline, termed OSI) of the change in population orientation tuning curves from
b. when stimulating each of the 3 types of ensemble. Thick lines indicate the mean across animals
and sessions and error bars indicate the 95% confidence intervals. d. A decoder was trained to
classify stimulus presence and orientation given the activity of visually-responsive non-target cells
on high contrast trials. The classifier was then tested on low contrast trials with and without
simultaneous photostimulation. e. The session average behavioural change of an animal detecting
the low-contrast visual stimulus, caused by photostimulation (ΔP(Lick)), is correlated with the
photostimulation-mediated change in the accuracy of stimulus decoding from population activity.

Fig. 4.19. Competition between visually responsive and non-responsive populations

Splitting the recorded population into sub-groups of visually-responsive (activated) or nonresponsive reveals competition between the sub-populations. Stimulating the non-visually
responsive ensemble during visual stimulus presentation leads to more suppression of the visuallyresponsive population on average when compared to stimulation of the two visually responsive
ensembles (CT and NCT). Wilcoxon signed rank test with Bonferroni correction. N = 21 sessions,
14 mice. * = P < 0.05/15, ** = P < 0.01/15, *** = P <0.001/15.
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To relate these circuit level effects of photostimulation to behaviour we
trained a classifier to decode the presence and orientation of a visual stimulus
from activity of non-targeted cells on high-contrast trials. We then tested the
decoder on activity evoked by the low-contrast visual stimulus with and without
photostimulation (Fig. 4.18d). As expected, when the low-contrast evoked activity
pattern more closely resembled that evoked by the high-contrast stimuli the
decoder performed better (Fig. 4.20). Overall decoder performance did not
correlate with animal performance across all sessions, with no difference in
performance seen between hit and miss trials (Fig. 4.20). However, a strong
relationship was observed between the photostimulation-mediated change in
decoder performance and the associated change in behavioural detection of the
stimulus (Fig. 4.18e, R2 = 0.36, P = 0.004). When photostimulation acted to
improve the stimulus-decoder performance the animal’s perceptual performance
also improved. Conversely, when the stimulus representation was impaired by
photostimulation the perceptual detectability of the stimulus was suppressed.
These results thus provide a causal link between neuronal stimulus encoding and
behavioural performance.
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Fig. 4.20. Population activity visual stimulus decoder.

We used a multiple-class support vector machine (SVM) to decode and classify trial type (presence
and orientation of high contrast visual stimulus) within a session, in which the outputs of multiple
binary classifiers are compared to one another. We only used ROIs which were determined to be
‘visually responsive’ and excluded all target and nearby ROIs. We randomly selected half of the
high contrast visual stimulus trials and half of the catch trials (no visual stimulus) in a session to
train that sessions’ model. The remaining 50% of trials were used for cross-validating the
performance on the held out high contrast and catch trials. We repeated this cross-validation
procedure 100 times. We evaluated the high-contrast models with all of the available low-contrast
trials. Note there was only one orientation of low-contrast stimulus in each session. We averaged
the test results across all 100 permutations of the trained models for each session.
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a. Illustration of the classifier comparison scheme. Shaded boxes indicate the unique
comparisons being made. Light grey boxes indicate classifiers comparing activity evoked by any
orientation of stimulus (labels 1:4) with catch trials (no stimulus, labelled 0) which we refer to as
‘detection’ classifiers. Dark gey boxes indicate classifiers comparing two orientations of stimulus
and we refer to them as ‘discrimination’ classifiers.
b. Example of the trained weights assigned to individual ROIs in an example ‘detection’ classifier.
Cells with a larger evoked response to visual stimuli are weighted towards the stimulus class. There
is no relationship between the stimulus selectivity of ROIs with the class they are weighted towards.
c. Example of the trained weights assigned to individual ROIs in an example ‘discrimination’
classifier. Cells that respond more to the visual stimulus have a stronger weight assigned to them.
There is a clear relationship between stimulus specificity (the difference in response to the two
stimuli under consideration) and the sign of the classifier weight.
d. Cross validation performance when testing the trained classifiers on the 50% of held-out high
contrast and catch trials. Averaged across 100 permutations. Decoder accuracy is the true positive
rate – the proportion of times the decoder correctly assigns trial type identity. Note that because
we exclude target cells and nearby cells (within a 20 μm diameter cylinder, extending through all
axial planes) we construct 3 classifiers per session, one for each stimulation ensemble type where
different cells were stimulated and thus excluded. The classifier for NR stimulation trials performs
slightly but significantly better (Wilcoxon signed rank paired, two-sided test with Bonferroni
correction. * = P < 0.05/3, ** = P < 0.01/3, *** = P <0.001/3). This is likely because fewer
visually responsive and tuned neurons are excluded because they were not targeted for direct
photostimulation.
e. The high-contrast trained decoders are then tested with low-contrast stimulus trials, yielding a
range of success rates.
f. The performance of the decoder on low-contrast trials is related to the amount of correlation
between the network activity patterns evoked by high and low contrast visual stimulation (Pearson
correlation between the 1-x-n (n = number of ROIs) population vectors of concatenated single
neurons average evoked response to the same orientation of either high or low stimulus contrast).
g. The decoder performs similarly regardless of whether the animal licked (no significant
difference in decoder accuracy on hit compared to miss trials, P = 0.068 Wilcoxon signed rank
paired, two-sided test).
h. The change in decoder accuracy on trials with photostimulation compared to trials without
photostimulation (Wilcoxon signed rank paired, two-sided test with Bonferroni correction).
i. Relationship between the change in decoder accuracy and P(Lick) on the low contrast visual
stimulus trials.
j. Relationship between the change in decoder accuracy and the associated change in P(Lick) on
trials with compared to trials without photostimulation.
k. The average change in decoder accuracy when binarizing the change in P(Lick) into positive and
negative groups (Wilcoxon signed rank paired, two-sided test).
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4.4 DISCUSSION

Our results provide a new perspective for understanding the link between activity
in sensory cortex and perception, and for interpreting the consequences of
perturbation experiments. We demonstrate that the behavioural effect of
activation of cortical ensembles depends on their functional identity, with
ensembles that normally represent the stimulus having the most potent effect.
However, the effect of stimulating these ensembles has a bidirectional effect on
behaviour: either boosting or inhibiting detection behaviour depending on task
difficulty for the animal. Furthermore, we show that stimulating appropriate
ensembles recruits postsynaptic activity in a functionally specific manner. This is
likely a consequence of the wiring specificity of the local circuit (Yoshimura et al.
2005, Ko et al. 2011, Lee et al. 2016, Chettih and Harvey 2019). Functionally
specific postsynaptic recruitment would be expected to alter stimulus
representation and potentially behaviour. Consistent with this, we find that the
success of a linear decoder of stimulus identity is altered by photostimulation and
changes in decoding success are correlated with changes in behaviour in response
to photostimulation.
To examine the interplay between these factors we constructed a multiple
linear regression model (Fig. 4.21a, b. Full model R2 = 0.75, P < 0.001), to define
the relative influence of different neuronal population activity parameters in
determining behavioural outcome in response to photostimulation. The model
revealed that the dominant effects are the state of cortex as measured by the trial-
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outcome modulation of visually evoked responses (Fig. 4.12h, referred to as
‘StateStim’), and the photostimulation-induced modification to the stimulus
encoding of the network (Fig. 4.18e, referred to as ‘ActivityΔStim’) (Fig. 4.21c,
correlation coefficients against the residual from otherwise complete models
(semi-partial correlation) for StateStim: 0.51 [95% CI: 0.10 0.77], P = 0.017;
ActivityΔStim: 0.52 [95% CI: 0.12 0.78], P = 0.014). The dual effects of cortical
engagement and the stimulus decoding work in concert to explain the behavioural
change caused by photostimulation. Despite being a simple linear model, the
combination of neuronal population measures has strong predictive power for the
influence of photostimulation on this detection behaviour (Fig. 4.21d, Reduced
model, without StatePre, predicted values compared to actual values R2 = 0.6, P <
0.001, RMSE = 0.08).
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Fig. 4.21. The behavioural effect of photostimulation is explained by both the cortical state of the
animal and the evoked changes to local network activity.

a. Multiple regression model for the session average effect of photostimulation on the change in
detection behaviour, incorporating terms relating to the state of the animal (extracted from neural
data pre and post stimulus (StatePre, StateStim), see Fig. 4.12) and the photostimulation-evoked
change in local network activity (activation/suppression of all cells including targets (ActivityΔE/I),
and the change in encoding capacity of the visually responsive cells (ActivityΔStim), see Fig. 4.16 and
4.18). b. Sequentially adding terms from results shown in previous figures to construct the full
model. Errors bars indicate S.D. of the variance explained across all leave-one-out permutations (N
= 21 sessions). c. Semi-partial correlations (the correlation between one model term and the
residuals from a model containing all but that model term) of model coefficients against ΔP(Lick)
show the relationship of the variables of interest while accounting for all other variables in the full
model. Both the trial outcome modulation of responses (StateStim) and the change in stimulus
decoding (ActivityΔStim) significantly explain the behavioural effect of photostimulation. Error bars
indicate the 95% CI of the semi-partial correlation coefficient. d. The predictive capacity of the
reduced (excluding StatePre) model is evaluated with leave-one-out cross validation by comparing
the experimentally obtained ΔP(Lick) with the value predicted from the model excluding this
session from the training set. The shaded region indicates the CI of the fit.
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These results help to reconcile apparently contradictory findings about the
engagement of the cortex in behavioural tasks (Dean 1981, Glickfeld et al. 2013,
Hong et al. 2018, Resulaj et al. 2018, Wolff and Olveczky 2018). Our results
suggest that when task demands are high, primary sensory cortex is engaged and
plays a positive causal role in determining task performance. When the task is
easy to solve then alternative pathways and downstream networks are likely
already optimally engaged, and cortical stimulation represents a distractor. Our
results parallel recent findings from lesion and silencing experiments (Hong et al.
2018) showing that learned tasks are no longer cortically dependent and
additionally suggest that cortical resources are dynamically allocated depending
on task difficulty and performance. Our findings differ from a recent study (CarrilloReid et al. 2019) which found that photostimulation at just two cell locations could
recruit an associated ensemble which then always positively biased stimulus
perception. However, the perceptual demands of their discrimination task are
greater than for our detection task, which is consistent with the interpretation of
our results.
A prominent feature of the local network response to photostimulation was
suppression of other cells, similar to other reports (Mateo et al. 2011, Kwan and
Dan 2012, Chettih and Harvey 2019). This suggests that there exists strict control
over the balance between excitatory and inhibitory activity levels (Isaacson and
Scanziani 2011), similar to what has been observed during spontaneous and
stimulus evoked activity states in awake visual cortex (Haider et al. 2013). We did
not observe large scale ‘pattern completion’ modes of activity triggered by
photostimulation of cotuned cells as recently reported (Carrillo-Reid et al. 2019)
but rather observed a more constrained and balanced interplay between the
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identity and the activity of groups of cells. A recent study (Chettih and Harvey
2019) found that photostimulating single cells predominantly suppressed other
similarly tuned cells, while activation was reserved for a very small population of
very similar cells. We hypothesise that the more relaxed relationship of influence
versus stimulus tuning that we observed could arise through multiple cells being
photostimulated coincidently in our experiments.
Our findings raise a number of outstanding questions. First, which
downstream networks (Khibnik et al. 2014, Oh et al. 2014, Kim et al. 2015, Han
et al. 2018, van Vugt et al. 2018), either cortical or subcortical, are charged with
reading out the task-dependent information carried by the stimulated layer 2/3
neurons? This will require recording and manipulation of deeper cortical layers and
subcortical target areas, as well as recording from multiple areas simultaneously.
Second, which circuits, including neuromodulatory pathways (Goard and Dan
2009, Pinto et al. 2013, Polack et al. 2013), are responsible for modulating the
contribution of cortex to the task? Our results also raise a more general question
of how and where multiple streams, including the collicular pathway (Gale and
Murphy 2014, Beltramo and Scanziani 2019), of visual processing combine and
interact. Finally, uncovering the detailed elements of the neural code underlying
perception will require further refinements in the temporal precision, spatial
resolution and physical coverage of both recording and stimulation approaches,
as well as performing flexible real-time activity-guided manipulations (Zhang et al.
2018) in concert with sophisticated analytical frameworks (Panzeri et al. 2017).
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5.1 EVALUATING OUR FINDINGS

5.1.1 Linking neural circuit activity and behaviour

The all-optical method described in Chapter 2 and published in (Packer et al.
2015) was extended in a number of ways: Firstly, we enabled three-dimensional
imaging and stimulation through installation of an ETL in the imaging pathway and
further SLM calibration routines. Secondly, we improved the spatial resolution of
photostimulation by expressing opsin restricted to the somatic membrane (and
proximal dendrites). Thirdly, we increased the number of cells we could stimulate
at once by exploiting a low repetition rate laser with very high peak powers for more
efficient two-photon stimulation. We applied the improved method to begin
studying aspects of the neural code underlying a simple visual detection behaviour
in Chapter 4. In this project we stimulated specific groups of functionally defined
neurons during the presentation of low contrast visual stimuli while mice were
actively detecting those stimuli in order to receive a water reward.
Our results showed that stimulation of functionally homogenous
(‘cotuned’) groups of cells resulted in the most consistent relationship of the effect
of photostimulation on detection behaviour. We found an intriguing relationship
between performance and the effect of photostimulation: when mice were
performing better on the task (good at detecting low contrast stimuli without
photostimulation) photostimulation of cortical L2/3 ensembles suppressed
stimulus detection. Conversely, when animals were performing poorly, stimulation
of ensembles of cells in L2/3 V1 improved detection performance. Given that we
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analysed only periods of the behaviour sessions where animals were engaged and
performing well for the easier, high-contrast, stimuli we interpret this finding to
suggest that as task difficulty increases for the animals, the involvement of cortex
also increases. Indeed, we found neural correlates of increasing task engagement
of cortex when the stimulus was less easily detected.

5.1.2 Network engagement

Our results appear to be quite different at first glance from two related studies
published recently, performed using all-optical interrogation in mouse visual cortex
(Carrillo-Reid et al. 2019, Marshel et al. 2019). Firstly, at the neuronal population
level, when analysing the network response to targeted photostimulation both
groups interpret their results as evidence for large scale reactivation (or ‘pattern
completion’, or ‘ignition’). They report activation of functionally similar ensembles
when groups of (as small as 2) neurons, tuned to similar stimulus features, are
photostimulated. In contrast, our network results show a much more limited
recruitment of similar neurons which is strongly balanced by suppression of other,
similar and dissimilar, neurons. Our results suggest a tight balance between
activation and suppression, whereby total activity levels are kept in check
(Isaacson and Scanziani 2011, Deneve and Machens 2016). This balance of
specific activation and relatively unspecific suppression resulting from
photostimulation had a range of effects on our ability to decode the coincident
visual stimulus from network activity.
Our network results are in line with those reported recently (Chettih and
Harvey 2019) where suppression of other cells was the major effect of single cell
photostimulation. Very highly similar pairs of cells in those experiments activated
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each other, consistent with recent findings about preferential monosynaptic
connectivity (Cossell et al. 2015). However other, slightly less similar, pairs of cells
tended to inhibit each other, even more so than pairs of dissimilarly tuned
neurons. These functional characteristics are supported by yet more monosynaptic
connectivity properties: most inhibitory connectivity is dense and unspecific (Fino
et al. 2013) except some specificity of inhibition with relation to stimulus
preference has been reported (Znamenskiy et al. 2018). The finding of
suppression between most pairs of similar cells (Chettih and Harvey 2019) is
interpreted as evidence for the phenomenon of competitive ‘explaining away’, a
principle predicted by Bayesian inference theories of cortical function: similar and
thus redundant information is reduced, sharpening the functional signature of a
stimulus representation (Olshausen and Field 1996, Knill and Pouget 2004).
Unlike (Chettih and Harvey 2019) we did not see an obvious sign of competition
specifically between similar cells, a fact we attribute to stimulating many cells
(rather than a single cell), all of which were similarly but not identically tuned.
Further investigation into the detailed correlation structure of photostimulated
ensembles and the effect on network activity is highly warranted.
It is important to consider a technical aspect at this point. The resolution
of photostimulation is not perfect,
In terms of elucidating spatiotemporal codes underlying perception we
tested whether the combined functional identify of coactive groups of cells is a
dominant feature of population codes. We found subtle differences in the network
and behavioural response to stimulation of ensembles of different classes
(cotuned, non-cotuned or non-stimulus responsive). Note we were manipulating
the spatial aspect of the code while keeping the temporal aspects of neuronal
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activation fixed. The temporal features of our photostimulation were as follows:
The speed at which the visual stimulus drifted was 2 Hz for a duration of 1 second.
The timing of the photostimulation was a fixed rate of 20 Hz for a fixed duration of
1 second. Our photostimulation was in a physiological range but it was still
synchronous across all stimulated cells (although there was probably some
amount of jitter among individual spike times) and disregarded the precise times
where the visual stimulus may have elicited spikes in different cells with different
receptive fields. The photostimulation was delivered coincident with the visual
stimulus such that the first photostimulation triggered spikes happened before the
first visually evoked spikes, but the photostimulation spikes were continually
delivered through the visual stimulus. This scenario is similar to the phenomenon
of paired pulse suppression. We have interpreted the reduction in activity as a
consequence of increased inhibition, given the dense connection rates and hence
abundant disynaptic motifs (Silberberg and Markram 2007). Suppression of
activity as recorded by two-photon calcium imaging was seen as either a reduction
in the visually evoked responses (comparing to no photostimulation trials), or
(particularly in spontaneous periods) a response that was below the baseline
fluorescence. These negative transients are somewhat of a paradox. A negative
transient, which we observe even in single trials, reflects a decrease in the amount
of intracellular calcium which presumably reflects a decrease in the spontaneous
firing rate of the neurons. However, the average spontaneous firing rate of L2/3
pyramidal cells in the resting visual cortex is < 0.1 Hz (Niell and Stryker 2008).
These negative calcium transients have been reported before, and confirmed with
electrophysiological recordings (Goard et al. 2016). We additionally confirmed that
these negative transients we reported were not created by oversubtraction of the
neuronal contamination signal.
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5.1.3 Behaviour

At the behavioural level both the Yuste and Deisseroth groups recently reported
an enhancement of low-contrast stimulus discrimination when stimulating
‘cotuned’ groups of cells (Carrillo-Reid et al. 2019, Marshel et al. 2019). We saw
an enhancement of behavioural performance only when animals were performing
poorly at the task. When animals were performing well, our manipulation acted to
reduce performance. The perceptual demands of discrimination tasks (where an
internal comparison, or at least an internal recollection of associated rules, must
be made) is greater than that of detection tasks as was employed in our study.
However, we argue that their findings are still consistent with ours. We found that
when animals are performing poorly (at detecting the low-contrast stimuli) the
activity of cortex more actively follows and predicts task performance suggesting
a more prominent role of cortex in controlling this behaviour in this state. In these
conditions, photostimulation improves the animal’s detection behaviour. In
comparison, the Yuste group also photostimulated on high-contrast visual trials,
which suppressed stimulus detection. However, in this condition they only targeted
groups of ‘random’ cells and their conclusions were made regarding the
consensus identity of the stimulated cells (i.e. ‘random’ not ‘cotuned’). If one were
to consider the ease of detection of the stimulus (high contrast stimuli being
easier) our interpretation helps to explain their data.
To directly test the idea that task difficulty modulates cortical
engagement, employing a task design where task difficulty is directly modulated
will help clarify these points. Such a task could involve discrimination of stimuli,
ranging from very similar to very dissimilar pairs of stimuli (Andermann et al.
2010). Contingency or rule swaps could be implemented to assess the same
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system under different demands. Perhaps the most feasible way in which to
modulate difficulty is again through stimulus parameters. A greater range of
parameters would ideally be manipulated within a single session, including
contrast, orientation, and spatial frequency.
Cortex is evolutionarily new (Northcutt and Kaas 1995), and conserved
midbrain structures in evolutionarily older species (with minimal cortex) are
capable of processing sensory information and using that information to guide
subsequent motor behaviours. Cortex has thus been suggested to have evolved
as a modulatory system, increasing the complexity and capacity of behaviours and
the selection of and control over said behaviours. A holistic framework of cortical
function, predictive coding (Friston 2018, Keller and Mrsic-Flogel 2018, Khan and
Hofer 2018), suggests that cortex acts to generate internal models of the
environment against which sensory experience and motor actions are compared.
Matches and indeed mis-matches of the sensory input with the internal cortical
model would then be transmitted out of sensory cortex to modulate other areas.
Our results are consistent with this view, whereby cortical stimulation during visual
stimuli would always be considered a mismatch. However, our results suggest that
the modulatory role of the cortical signal seems to switch from blocking to
permitting motor behaviours depending on the overall strength, or certainty, of
information in alternate pathways or downstream areas. Indeed, our results could
be interpreted as a ‘normalisation’ role being served by cortex.
The mouse visual system is widely distributed (Seabrook et al. 2017), with
multiple routes of visual processing involving different areas. Despite a clear
hierarchical organisation (Felleman and Van Essen 1991) the flow of information
is not strictly linear and nor are pathways completely independent. Task related
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activity has been observed in many cortical areas during similar tasks as the one
we employed (Goard et al. 2016, Salkoff et al. 2019, Zatka-Haas et al. 2019). Of
particular note is a prefrontal motor area (MOs) consistently observed with choice
predictive activity, suggesting this region could be where the task relevant
decision, to lick or not, is being made. Our results highlight that despite information
being present in an area the impact that activity has depends on context. As such,
studying one region in isolation does not provide sufficient information to
understand the system as a whole. Our findings bring to attention a number of
questions. Predominantly, how does the activity generated in L2/3 propagate to
L5 and integrate with other output targets? Cortex projects to many diverse targets
including striatum, thalamus, and superior colliculus, as well as other cortical
areas, including higher visual areas (Oh et al. 2014, Lur et al. 2016).
The superior colliculus (SC) is central to an alternate stream of visual
processing, separate to the cortical pathway. The SC is an evolutionarily ancient
sensorimotor structure that has been shown to play a fundamental role in visual
detection tasks (Dean 1981, Fitzmaurice et al. 2003). Pivotal to its role the SC
receives a diversity of inputs, from sensory areas (including the retina and the
thalamus) as well as motor areas both cortical and subcortical in nature. The SC
sends output, again to a diverse array of targets, including the basal ganglia and
the cerebellum (Comoli et al. 2012). A direct connection exists between the SC to
the substantia nigra (Comoli et al. 2003). Recently the SC was found to project to
a dedicated visual cortical area (Beltramo and Scanziani 2019), distinct from the
classic thalamocortical pathway. Additionally, connections from V1 to the SC have
been shown to modulate reflexive avoidance behaviours (Liang et al. 2015). The
SC is thus a prime candidate to be a dominant influence on the activity guiding
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behaviour in our task. Because of this comparing the impact of collicular
manipulations on behaviour to cortical manipulation is of utmost interest. Twophoton imaging of part of the SC has recently been demonstrated (Feinberg and
Meister 2015).
How and where are collicular and cortical streams of processing
combined? The pulvinar receives input from both the visual cortex and superior
colliculus (Bennett et al. 2019) and sends output to the striatum (Hunnicutt et al.
2016). The collection of visual cortex, superior colliculus, pulvinar, striatum form
a highly interconnected circuit which we posit may weigh the two input streams to
control the appropriate selection of behavioural response which may be under
neuromodulatory control. To study how these regions, interact with one another
and contribute to the execution of a simple reward-motivated visual detection
behaviour with single cellular resolution would require substantial developments
to the current all-optical method.
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5.2 FUTURE EXPERIMENTS, AND ASSOCIATED

EXTENSIONS OF THE ALL-OPTICAL TOOLKIT

Our results highlight the need to record from and or manipulate multiple brain
regions, not just superficial layers of cortex. Many improvements to the all-optical
method have the potential to greatly improve its utility. We describe these possible
improvements below.

5.2.1 Deeper layers of cortex and subcortical areas

We and other groups have recently implemented techniques to extend the spatial
reach of all-optical manipulation to three-dimensions. There are various
established methods to perform volumetric imaging of neuronal populations (Ji et
al. 2016). The most common solution is to utilise an electrically tuneable lens (ETL)
(Grewe et al. 2011) in the imaging pathway which maintains independent control
of the imaging and photostimulation pathways (Mardinly et al. 2018, Yang et al.
2018). However, it is also possible to use a piezo element on the objective (Gobel
et al. 2007) and compensate for the constant movement of the objective by rapidly
altering the SLM targeting pattern (Marshel et al. 2019). Alternatively, remote
focusing can be employed with a deformable mirror, providing superior aberration
free and pathway independent control of axial focus (Zurauskas et al. 2017).
Whilst allowing volumes of cortex to be addressed, 3D imaging and stimulation
doesn’t by itself open up the possibility of multiple layer or multiple area
interrogation. To interrogate deeper layers will require additional changes to the
microscope optics and optimisation of the indicator and probe combination.
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Layer 2/3 of cortex predominantly projects to Layer 5. We have begun to
perform all-optical experiments in Layer 5 to study the next node in the loop.
Increasing the penetration depth of two-photon microscopy was made possible by
a few modifications: Firstly, restricting expression to layer 5 (Kim et al. 2015)
reduces out of focus fluorescence from shallower layers improving signal detection
from deeper layer. Secondly, optical modifications include using single layer
coverslips, orienting the objective to be perfectly perpendicular to the coverslip
and using a pulse compressor to ensure the shortest possible pulse width leading
to the most efficient two-photon excitation at the focal plane. However, to combine
multi-layer interrogation may require more changes. It has recently been shown
that it is possible to perform stimulation and imaging across Layer 5 and 2/3
(Marshel et al. 2019), however the power required for deeper imaging and
stimulation may eventually lead to concerns over heating/damage and off-target
effects (Podgorski and Ranganathan 2016, Picot et al. 2018). A potential solution
is to use novel red indicators which will less affected by scattering due to the longer
wavelength. To avoid crosstalk with photostimulation, this will require a
combination with ‘blue’ opsins, e.g. ChR2. Using a shorter wavelength for
photostimulation means this light will now be scattered more than the light for
stimulation of red-shifted opsins, decreasing resolution. Adaptive optics can
ameliorate this problem (Booth 2007, Ji et al. 2008) and some implementations
only require an SLM (Wang et al. 2014)
Access to other, subcortical, structures has so far only been possible by
surgically removing cortex (Dombeck et al. 2010). A similar but slightly less
damaging approach is to implant gradient index (GRIN) lens. These have the
additional advantage of bringing very deep structures into reach without requiring
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custom or even impossibly long working distance objectives. GRIN lenses have
recently been used for simultaneous two-photon recording and manipulation of
cellular activity in a frontal brain deep ~3 mm below the skull (Jennings et al.
2019). Another alternative is to implant a prism which provides the ability to image
multiple layers simultaneously (Andermann et al. 2013). Aspiration of overlying
cortex to reach deeper structures is tolerable by animals, sometime with no
behavioural deficits, but it would never be considered ideal especially if the
damaged region provides is connected to the region of interest. While three-photon
functional imaging techniques are emerging (Ouzounov et al. 2017, Takasaki et
al. 2019, Weisenburger et al. 2019, Yildirim et al. 2019), the combination with
three-photon photostimulation has yet to be demonstrated. A major problem that
is anticipated is that of significant spectral overlap. Already the two-photon spectra
of opsin activation and indicator excitation partially overlap, and these excitation
spectra are expected to be even broader with three-photon absorption. A final
possibility would be to combine two-photon imaging and stimulation of one
area/layer with electrical recording, with high density probes (Jun et al. 2017), of
other areas and layers.

5.2.2 Larger addressable fields of view while maintaining resolution

Larger field of view microscopes are being developed (Sofroniew et al. 2016,
Stirman et al. 2016) enabling imaging of regions of cortex ~ 5 mm wide, allowing
many adjacent cortical regions to be imaged simultaneously. At the core of these
developments is the design of custom objective lenses coupled with wide angle
scan and collection optics. Alternative approaches based on commercially
available objectives are also possible however, at the cost of axial resolution
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(Bumstead et al. 2018). With existing line scan systems, and keeping exposure
and collection times constant, larger FOVs necessarily come at the cost of a
reduced frame rate. For current calcium-based activity indicators this is not a
problem, as the slow kinetics enable transients to be recorded significantly after
the causative spikes occurred (Chen et al. 2013, Dana et al. 2018). Multiple area
microscopes are also being developed that maintain higher temporal resolution
allowing displacement of two FOVs (Lecoq et al. 2014, Chen et al. 2016). The
recently described surgical procedure termed ‘Crystal Skull’ (Kim et al. 2016),
permits access (simultaneous or sequential) to almost any region on the dorsal
surface of cortex.
These wider FOV approaches have been discussed above relative to
imaging applications, however the same principles apply to photostimulation. In
terms of photostimulation of multiple neurons simultaneously through beamsplitting with the SLM, the addressable FOV is governed by angles of diffraction
from the SLM which is also linked to the axial resolution of excitation through
magnification of the beam onto the back aperture of the objective. Larger FOV
objectives with similar numerical aperture (NA) have a larger back aperture, which
will lead to underfilling if no compensations are made. So, while previous
implementations could be modified to address wider FOVs this would entail a
trade-off against axial resolution. By magnifying the SLM beam to fill the back
aperture the achievable angles will be reduced leading to a smaller addressable
FOV. Rather than accepting this trade-off, modern SLMs are being developed with
more pixels which permits greater angles of diffraction to be achieved and thus
larger addressable FOVs (Marshel et al. 2019). Importantly newer SLMs also have

182

DISCUSSION

larger active areas due to increased pixel size, which permits minimal interference
between neighbouring pixels and high diffraction efficiency.
The axial resolution of photostimulation is important to consider as it will
govern the specificity of stimulation: through the out of focus stimulation of
unintended neurons which could in effect dilute the functional characteristics of a
particular stimulation ensemble. The resolution of the setup used in Chapter 4 has
been measured as 39 ± 14 µm axially and 5 ± 2 µm laterally, (N = 24 neurons, 3
mice. Measured all-optically by stimulating a single neuron for one second with a
15 µm spiral, 20 ms in duration repeated 20 times at 20 Hz with 6 mW power on
sample – matching the experimental conditions in Chapter 4. The spot was offset
from the target axially and laterally. The numbers stated are the FWHM of the
evoked ΔF/F responses as a function of offset distance). This resolution is such
that some out of focus stimulation of other neurons (that also express opsin and
are positioned above or below the intended target neuron) likely diluted the
stimulation ensemble somewhat by incorporating random neurons into it. The axial
resolution could be improved by enlarging the beam at the back aperture (which
will consequently reduce the addressable FOV laterally, with all other things kept
constant). Alternatively, the opsin expression may be further restricted to the
soma, with another tag perhaps more localised than Kv2.1 (Shemesh et al. 2017).
A final solution to improve spatial resolution is to incorporate temporal focusing
into the microscope beampath (Oron et al. 2005, Papagiakoumou et al. 2008,
Mardinly et al. 2018). Improvements in the axial resolution of stimulation may
further reveal functional connectivity differences, beyond those of the relative
differences seen in figures 4.17 and 4.18, between stimulation ensembles,
though it is not expected that the current results would change qualitatively.
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Fig. 5.1. Equations governing the photostimulation field of view size.

The maximum optically addressable distance on the sample, is set by the maximum angle of the
beamlets that can be generated by the SLM, as governed by three equations.
a. The diffraction grating equation that governs how the SLM acts on incoming wavefronts.
b. Describes how the beamlet angles generated by the SLM are reformed on the back aperture of
the objective by the four lenses between the SLM and the objective, defining the scan angle (θS).
c. Dictates how the objective transforms those angles into laterally separated points on the
sample, defining the field of view (FOV). Where λ = photostimulation wavelength, m = phase levels
(2 for max angle), d = size of diffracting element (e.g. SLM pixel), θD = diffraction angle, and θS =
scan angle.
d. Solving for the FOV as a function of the SLM properties and lenses. The choice of scan lens and
tube lens, which are also used by the imaging path during all-optical interrogation, are set by optical
and mechanical constraints, while the wavelength for photostimulation is set by the choice of opsin.
This leaves selection of the SLM pixel size, d, as well as the focal length of lenses 1, 2, and the
objective as key design criteria for obtaining a wide FOV.

5.2.3 High speed recording and stimulation to permit higher fidelity
‘replay’ of naturalistic activity patterns

Neural spiking activity operates in the millisecond regime. An outstanding question
is whether the precise millisecond timing of spikes is a feature of the neural code.
Recent developments in producing highly sensitive and fast opsins (Mardinly et al.
2018, Marshel et al. 2019) as well as high-speed SLMs allow us to stimulate
arbitrary patterns of activity with exquisite temporal control. However, lagging
behind this advance is the speed at which we can record activity patterns.
Current calcium indicators are unlikely to see order-of-magnitude
improvements in their onset kinetics, but it has been shown that one can extract
precise temporal sequences by super sampling the signals from existing calcium,
indicators (Picardo et al. 2016). However this may only be appropriate for
sequences of activity relating to stereotyped sequential stimuli or behaviours, and
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not applicable to studying trial-by-trial fast time scale variations in coding. When
extending from 2D to 3D population imaging the frame rate is usually reduced as
a function of the number of axial planes. While this still allows the experimenter to
define coactive ensembles in time bins fixed by the frame rate or other analysis
windows, we are limited in our ability to reconstruct the precise naturalistic pattern
of spatiotemporal activity patterns.
A potential solution is to move away from sequential scanning-based
imaging approaches, to record populations in parallel with cameras. One can
simultaneously illuminate specific cells or regions of interest using an SLM,
recording their fluorescence pattern on a wide field constantly exposed sensor
(Nikolenko et al. 2008). Overlapping sources, in three dimensions, could be demixed with recently developed algorithms e.g. (Pnevmatikakis et al. 2016).
Another solution to sequential high-speed imaging of regions of interest distributed
in 3D would be to use acousto-optic deflectors (AODs) for beam steering (Duemani
Reddy et al. 2008, Froudarakis et al. 2014).
By far the most exciting prospect for improving temporal resolution – and
also enabling subthreshold signals to be detected – is that of voltage sensors (Xu
et al. 2017). When paired with sufficiently fast imaging techniques these
indicators will allow single spikes to be resolved with high temporal resolution,
100-1000x faster than possible with calcium-based sensors. The benefits are
obvious, drastically increasing the utility of the all-optical approach to investigate
anatomical and functional connectivity patterns on the timescale at which they
operate. A major issue with current voltage indicators is that of contrast; the
indicator is only expressed in the membrane which has two associated drawbacks.
Firstly, the membrane is thin, allowing relatively fewer fluorophores per excitation
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volume compared to cytosolic calcium sensors contributing to comparatively
weaker signals. Secondly, the surface to area ratio of neurons is such that the
majority of membrane is associated with dendritic process. When the indictor is
expressed densely labelling many cells the optically unresolvable neuropil swamps
somatic signal. By restricting voltage indicator expression to cell bodies and not
processes (using tags similar to those recently applied in the optogenetics field
(Lim et al. 2000)) the neuropil contamination could be greatly ameliorated thus
facilitating identification of single cell sources (Adam et al. 2019). Weak
fluorescence of voltage indicators requires high illumination powers, this leads to
photobleaching, perhaps the biggest issue with current voltage sensors (Lin and
Schnitzer 2016, Yang and St-Pierre 2016, Chamberland et al. 2017). Voltage
indicators have not yet found widespread in vivo two-photon use, however new and
improved indicators are constantly being developed (Storace et al. 2016, Adam et
al. 2019), and all-optical recording and manipulation has been demonstrated in
vitro (Hochbaum et al. 2014) and in vivo (Adam et al. 2019) with single photon
methods. The additional key advantage of genetically encoded voltage sensors is
their ability to not only detect suprathreshold action potential, but also
subthreshold voltage. This will allow direct identification of monosynaptic
connectivity and connection strength in the intact brain, a transformational
advance.

5.2.4 Increasing the limit on the number of simultaneously activated cells

The brain is composed of billions of neurons. Current implementations of alloptical methods are capable of stimulating ~100 cells simultaneously, an order of
magnitude improvement over initial implementations (Packer et al. 2015). This
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has become possible in recent years primarily through the adoption of high peak
power lasers. To achieve such a high peak power, the repetition rate of pulses is
low, also keeping the average power low. The low repetition rate has so far been
adequate given the channelrhodopsin temporal integration kinetics. Stimulating
more cells in a single exposure will require delivering yet more laser power and
splitting the beam into more targeted spots. Highly sensitive opsins (Mardinly et
al. 2018, Marshel et al. 2019) may reduce the power demands, which additionally
helps to ameliorate concerns over tissue heating (Podgorski and Ranganathan
2016, Picot et al. 2018). The requirement to stimulate many cells at exactly the
same moment in time is rather unphysiological; instead we can, and indeed have,
multiplexed through time stimulating different patterns of cells in quick succession
(Marshel et al. 2019).

5.2.5 Other modifications to the all-optical toolkit

Activating cells (i.e. to cause spikes) to recreate or interfere with natural, ongoing
activity patterns is just one approach for causally inferring characteristics of the
neural code underlying perception and behaviour. A complementary approach
would be instead to silence specific cells. Various groups have developed anion
conducting channels, or light-gated pumps, to hyperpolarise cells. Some of these
have recently been demonstrated to work in vivo with two-photon excitation,
combined with two-photon calcium imaging (Forli et al. 2018, Mardinly et al.
2018). The ultimate flexibility in manipulating activity would be afforded by the
ability to bidirectionally control the activity of any cell. While demonstrated with
one-photon illumination (Han and Boyden 2007), such a bidirectional control with
simultaneous imaging has yet to be demonstrated with two-photon excitation.
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Spectral overlap will likely severely hamper the fidelity of such approaches,
particularly when combined with imaging.
Most implementations of all-optical investigation to date have relied on
viral injection of the opsin and/or the activity indicator. Viral injections are variable
within and across animals, have the potential to cause damage and limit the extent
of expressing regions. Transgenic animals expressing both the activity indicator
and probe would offer the prospect of ensuring consistent and constant
expression levels, across all layers and areas if desired, or restricted to particular
structures if so desired (Madisen et al. 2015).
A final aspect in need of improvement is that of stimulation resolution.
Optically, the resolution of stimulation is close to diffraction limited; however there
are also practical, biological, considerations. Recently, researchers have employed
a somatic restriction tag (a motif found in the amino acid sequence of the Kv2.1
potassium channel (Lim et al. 2000)) to limit expression of the membrane bound
opsin to the membrane of the soma and proximal dendrites. High levels of
expression will cause opsin localisation to extend out into more distal processes,
ultimately limiting the value of the restriction attempt. Alternative strategies of
soma restriction have been identified (Shemesh et al. 2017), but a direct
comparison of the relative efficacy of the two approaches has yet to be
demonstrated.
Many current behavioural experiments employ rather unnatural
conditions for laboratory animals, in particular head-restraint. Whilst mice readily
tolerate head-restraint permitting imaging and recording of brain activity during a
number of behavioural tasks, and proper stimulus control will remain critical to
generating interpretable data on neural events underlying perception, the head-
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fixed state represents a relatively unethological condition. To counter these issues
there have been major developments in the use of miniaturised head mounted
microscopes that permit recording during natural behaviours such as social
interactions, grooming, foraging and navigation. One-photon devices are in
widespread use (Ghosh et al. 2011, Cai et al. 2016). Head-mounted two-photon
microscope, introduced nearly two decades ago (Helmchen et al. 2001, Helmchen
et al. 2013), have recently been substantially optimised (Zong et al. 2017). A
particularly exciting avenue for further development will be to implement all-optical
read and write capability for head-mounted microscopes, enabling interrogation in
freely moving animals. For example, a step in this direction is the patterned onephoton photostimulation with simultaneous one-photon calcium imaging that has
been demonstrated in freely behaving mice (Szabo et al. 2014). Extending this
approach to two-photon excitation will be a significant advance but is certainly not
trivial and will require substantial engineering efforts.
Lastly, our closed loop extension of the all-optical method was developed
to enable online readout of activity in near real time so as to enable
photostimulation patterns to be dynamically tailored by recent trials and to
ongoing activity patterns (Chapter 3 ; see also (Zhang et al. 2018)). In this way, the
prospect of probing points of failure in the system, for example when stimuli are
not detected, is possible. Similarly, in more complicated task designs it might be
possible to detect, and even correct, neural signatures of erroneous decisions
before they are made. By recreating activity patterns that closely resemble natural
activity, updating them as experiments proceed and crucially, modifying them
based on the current state of the animal will allow us to further probe the rules of
neuronal activity which give rise to perception and behaviour.

189

DISCUSSION

To summarise, the all-optical imaging and stimulation method represents
a powerful strategy for interrogating neural circuits in the intact brain, and
promises to elucidate and allow decisive causal tests of many theories of brain
function. These theories will continue to be developed by observation-only
methods such as large population recording with electrical or optical methods. Alloptical two-photon stimulation methods will provide a valuable complement to
other technologies that will continue to reveal potential roles of cellular subtypes
and brain areas.
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APPENDIX: LINKS TO CUSTOM RESOURCES

Custom code used for data acquisition, photostimulation control, behavioural training and
analysis have been deposited online:

NAPARM (Near automatic photoactivation response mapping)

https://github.com/llerussell/Naparm
Written by Lloyd Russell and Henry Dalgleish
Complete software suite to select photostimulation targets manually, or automatically, from anatomical or
activity-based images or volumetric stacks. This software will generate SLM phase masks, galvanometer
positioning and Pockels cell control protocols to be executed by the photostimulation modules of an alloptical microscope (using software: PrairieView, Bruker Corporation and Blink, Meadowlark).

Top: Configuration GUI. Bottom: Example illustrating 1 out of 76 stimulation groups.
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PyBehaviour

https://github.com/llerussell/PyBehaviour
Software for control of stimuli presentation, recording of responses, and delivery of associated
consequences in associative learning (operant conditioning) behavioural paradigms.

Left: GUI. Configuration panel used to setup the behavioural task. Right: Live results plotted in the GUI
showing response on each trial and overall performance.

3D SLM calibration

https://github.com/llerussell/SLMTransformMaker3D
Matlab program to calculate the affine geometric transformation required to map coordinates from twophoton imaging space onto SLM space, allowing correct and accurate targeting of ROIs for photostimulation.

Left: Example of mapping performed on a single plane. Right: GUI.
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STAMovieMaker

https://github.com/llerussell/STAMovieMaker
Software to generate stimulus triggered average movies and images for a variety of stimuli and imaging
types.

Top: GUI. Left: Widefield retinotopy map of V1. Middle: Two-photon orientation preference of single V1
cells. Right: Two-photon photostimulation responses of same FOV as middle panel.

RawDataStream

https://github.com/llerussell/Bruker_PrairieLink
To increase speed of data analysis immediately prior to an experiment raw acquisition samples are streamed
from the microscope to custom software (via PrairieLink, Bruker). This raw stream is used to process pixel
samples, construct imaging frames and perform online registration. The acquired data is directly output to a
custom file format making it immediately available for analysis.
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