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Chapter 1
Introduction
Guido T. Meijer

Chapter 1

Our subjective perspective on the world around us is a unified experience. We sense our environment
by seeing, hearing, touching and smelling but the resulting perception is not disjointed, but a fused
composition of these modalities. Seemingly effortlessly our brains process and integrate the continuous streams of sensory input arriving at our senses at any given time. The apparent ease with which
the brain constructs a subjective experience of the world is in stark contrast with the computational
challenge it faces while doing so. Objects in the external world are defined by a myriad of features,
often involving multiple sensory domains. For example, when we see a coffee cup fall and break on
the floor, the brain is tasked with constructing a coherent experience from several sensory inputs
coming in through different sensory organs. The coffee cup is visually defined by multiple lines and
curves which should be grouped together as an object, differentiated from the background and recognized from memory as a coffee cup. Furthermore, the auditory system receives sound waves traveling
through the air from the sound of breaking crockery. Somehow our brain binds these features across
modalities into complex wholes. How the brain solves this problem, referred to as the ‘binding problem’, is still largely unknown.
Despite our lack of understanding of the neuronal mechanisms that underlie multisensory integration, humans and other animals integrate information across senses continuously because it often
results in perceptual and behavioral benefits. On the other hand, when the process of multisensory
integration goes awry this may give rise to hallucinations and other sensory aberrations which can be
completely harmless, in the case of synesthesia, or severely distressing, in the case of schizophrenia.
How the brain constructs subjective experience from multisensory input is a hotly debated topic in
current day neuroscience. Multisensory integration is a function which involves many interactions between sensory modalities and is executed by an extensive network of areas in the brain. In this thesis
we confined our research to how groups of neurons in the visual cortex of the brain process visual
input and how this process changes when a stimulus from the external world is not only composed
of visual features but is a multisensory stimulus which encapsulates both visual and auditory features.
We tested the hypothesis that the visual cortex also processes information from other senses, in this
case audition. First, I will describe how multisensory integration can enhance perceptual performance
on the behavioral level. Then, I will provide an overview of the functioning and anatomical organization of the visual and auditory systems in the central nervous system. I will discuss the anatomical
and neuronal substrates of multisensory integration with an emphasis on audiovisual integration.
Subsequently, I will introduce the technique we use to record neuronal activity, two-photon calcium
imaging. Lastly, I will discuss several canonical mechanisms of neural coding on the level of populations of neurons.

The behavioral benefits of multisensory integration
We integrate sensory information from multiple senses to improve our perceptual abilities continuously in daily life. For example, in a noisy environment, people can enhance their understanding of
what their conversational partner is saying by looking at the movements of the lips of that person.
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Because the brain now receives two sources of sensory input - the sound of the voice which is embedded in noise, and the sight of the lip movements - it can increase its estimate regarding what is
being said by integrating these sensory streams. Animals perform multisensory integration to enhance
their ability to detect either predators or prey. For example, an owl uses both vision and audition in
order to accurately detect the position of mice which move over the ground below. Rodents, on the
other hand, utilize both visual and auditory information to enhance their ability to detect these predators and make a getaway. In both cases visual and auditory sensory information is merged, a perceptual decision is made, and a behavioral action is undertaken. Multisensory integration can improve the
accuracy of the perceptual decision and thereby improve the behavioral outcome.
This behavioral gain can be observed in a laboratory setting. Marc Ernst and Martin Banks (2002) had
human participants judge the height of a virtual bar only by using vision, only touch or both vision
and touch. They found that in the visuo-touch condition humans were more sensitive to small changes in the height of the bar compared to either the touch-only or visual-only condition. Furthermore,
by introducing sensory noise to the visual component they showed that this increased sensitivity is the
result of an integrative process that is statistically optimal. Rodents also show heightened perceptual
abilities when they are provided with stimuli originating from multiple sensory domains as compared
to when only unisensory stimuli are available. Rats were trained to discriminate whether the rate of a
stream of visual flashes or auditory clicks was fast or slow, and when the visual and auditory streams
were presented together the rat was more sensitive to small changes in the stimulus rate (Raposo et al.,
2012). Multisensory stimulation can also aid the detection of whether there is a stimulus or not, this
was shown in a behavioral paradigm where rats had to detect whether a light and/or sound stimulus
was coming from the left or from the right (Gleiss and Kayser, 2012). The question remains whether
animals actually merge unisensory stimulus representations into a fused multisensory representation
and how the brain accomplishes this feat. To answer this question we must first consider how the
brain processes and interprets visual and auditory input.

The organization and functioning of the rodent visual system
Light emanating from objects in the surrounding environment hits the retina of the eye which constitutes the first stage of visual processing. Here, light is converted into electrical impulses by an intricate
network of over 50 different types of neuronal cells, known in the mammalian retina (Carter-Dawson
and LaVail, 1979; Masland, 2001). Subsequently, retinal ganglion cells project these electrical signals
through the optic nerves towards the optic chiasm where the majority of the optical fiber tracts from
the two eyes cross over to the contralateral side such that most of the fibers from the left eye terminate in the right side of the brain and vice versa. A small portion of fibers does not cross over in the
optical chiasm and provides ipsilateral input to the brain. This results in a certain amount of overlap
of the visual stream of one hemisphere with the visual field being processed by the contralateral hemisphere, this part of the visual system is called the binocular field (Fig. 1a). After crossing in the optical
chiasm, optical fibers terminate in subcortical structures such as the superior colliculus (Hofbauer and
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Figure 1. Organization of the visual system of the mouse. (a) Visual input from the external world
comes in through the eyes which both sample part of the visual field, the left retina receives input
from the red part of the visual field and the right retina the green part. The dotted red and green part
represents the binocular field which is sampled by both eyes (Dräger, 1975). For the left eye, input
from the visual field between 1-3 crosses over at the optic chiasm to the contralateral hemisphere, the
part of the visual field between 3-4 does not cross over. The visual streams are relayed through the
lateral geniculate nucleus (LGN) to the primary visual cortex. (b) A mouse is presented with square
visual stimuli on adjacent locations in the visual field. The visual stimuli were black and white gratings,
the color indicates the location in the visual field. On the right, intrinsic optical imaging of neuronal
activity in the primary visual cortex of the mouse is shown. The color of each pixel represents which
of the visual locations on the left the pixel showed the largest response. The visual cortex is retinotopically organized but the representation of the visual field is inverted over the anterio-posterior
and the latero-medial axes. Panel a and b reproduced with permission from Hübener, 2003. (c) Recording of a single neuron from the visual cortex of the anesthetized cat while being presented with
a black rectangle which moved either up and down (top) or left and right (bottom). Spiking activity
of the neuron is represented in the trace below, the neuron showed the most vigorous spiking during
downwards movement, a little to upwards movement and no activity at all during left and rightward
movement. Line on the right bottom side indicates duration of 1 s. Reproduced from Hubel and
Wiesel, 1962. (d) Calcium imaging recording of a single V1 neuron of the mouse presented with full
contrast square wave gratings of eight orientations which moved sequentially in both directions. For
each orientation the fluorescence response over time is plotted for 12 single trials (thin grey lines) and
mean over trials (thick blue line), the dotted vertical line represents stimulus onset and the stimulus
was presented for a duration of 3 s. Polar plot in the center shows the tuning curve as the mean fluorescence response per orientation. Fluorescence is defined in ΔF/F which represents a fractional
increase in fluorescence over a baseline. Figure produced by G.T. Meijer, UvA.
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Dräger, 2004; Sherman and Guillery, 1996), and the thalamus, specifically the lateral geniculate nucleus (LGN) (Sherman, 2005; Sparks, 2002). From this thalamic structure, nerve bundles innervate the
primary visual cortex (V1) which constitutes the first cortical stage of visual processing (Felleman and
Van Essen, 1991). A striking organizational principle which is conserved across mammalian species is
the retinotopic organization of the visual cortex (Kaas, 1980). The spatial organization of the visual
field which is projected onto the retina is retained throughout the visual stream. This entails that the
visual cortex has a ‘map’ of the visual field whereby stimuli which are located next to one another
are also represented by V1 neurons which are located in close proximity (Hübener, 2003; Smith and
Häusser, 2010) (Fig. 1b,c).
In 1958, David Hubel and Torsten Wiesel (Physiology and Medicine Nobel Laureates, 1982) were the
first to scrutinize how single neurons in the visual cortex responded to visual stimuli projected to the
retina. Using tungsten electrodes, they recorded the activity of single cells in the primary visual cortex
of the anaesthetized cat while presenting spots of light using a slide projector. Light spots were produced with metal slides that had a hole in them, and black spots with glass slides that had a black dot
glued on them. In all their recordings, however, the neurons did not respond to any of the stimuli that
they projected on the screen. Until one day, after a particularly stable recording of a neuron that lasted
nine hours, they found a part of the visual field where the neuron showed a hint of a response when
stimulated with a spot of light. When they inserted the slide with the black dot the neuron vigorously
fired, but only when sliding in the slide, not when the slide was in place. They soon discovered that
the neuron was responding to the shadow that was cast by the edge of the glass when it was slid in
and out of the projector (Hubel, 1982). This resulted in the discovery that single neurons in the visual
cortex respond to lines of a certain orientation (Hubel and Wiesel, 1959) (Fig. 1d). In this thesis we
use the well studied phenomenon of orientation tuning to present visual stimuli that will maximally
drive V1 neuronal responses. The example neuron in Fig. 1e is a neuron we recorded in V1 while the
mouse was presented with line patterns which moved in different directions. This neuron preferentially responded to lines which move up and down (90°) but did not show any elevated activity when
a stimulus was presented which moved from left to right (0°). In the visual cortex of primates and
other large mammals, such as cats, neurons that preferentially respond to a certain orientation are
clustered together in cortical columns (Hubel and Wiesel, 1968). In the visual cortex of the rodent,
however, the orientation selectivity of single neurons does not show a columnar organization but a
‘salt-and-pepper’ organization in which neurons with different orientation preferences are scattered
throughout the cortical surface (Ohki et al., 2005). Because orientation tuning is a well-known canonical operation it can be used as a basis to investigate the functioning of the visual system during visual
and multisensory processing.
The primary visual cortex is the first of many visual areas which together constitute the visual cortical
processing pathway. In primates, this pathway shows a hierarchical anatomical organization in which
visual information is re-represented by a set of higher order visual areas (Felleman and Van Essen,
1991). In each processing stage, neurons may pool over the input they receive from previous areas
14
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to combine the low-level features which are represented in that area into more high-level features
(Hubel and Livingstone, 1987). Imagine four neurons in V1 of which two respond to a vertical line
and two towards a horizontal line, these neurons project to a single V2 neuron which can use these
inputs to represent a square. This process may ultimately culminate in the representation of very
high-level features such as hands and faces (Desimone et al., 1984; Fried et al., 1997; Quiroga et al.,
2005). The visual cortex of the mouse is organized slightly differently than in primates, with most of
the higher-order visual areas arranged around the primary visual cortex (Fig. 2). V1 neurons project
to most of these higher-order areas which in turn project further along the sensory pathways (Wang
and Burkhalter, 2007; Wang et al., 2011). The precise function of all these higher-order areas is largely
unknown although they do show functional specialization into the processing of particular visual
features such as movement speed and spatial frequency (Andermann et al., 2011; Glickfeld and Olsen,
2017; Glickfeld et al., 2013a; Marshel et al., 2011).

Anatomical and functional organization of the auditory cortex
Sound is composed of travelling pressure waves through the air which enter the outer ear and cause
vibration of the tympanic membrane which results in displacement of the cochlear fluid within the
cochlea of the inner ear. Georg von Békésy (Physiology and Medicine Nobel Laureate, 1961) discovered that different frequencies have their maximum amplitude at different parts of the basilar
membrane of the cochlea; high frequencies vibrate the base whereas low frequencies have a strong
amplitude at the apex of the cochlea (Von Békésy and Wever, 1960). The cochlea effectively acts to
perform a Fourier transformation of the complex sound wave into its individual frequency components giving rise to a tonotopic organization of auditory input. Hair cells in the basilar membrane of
the cochlea transduce the mechanical vibration into an electrical signal which is relayed through the
auditory nerve towards the primary auditory cortex.
The input from the cochlea is tonotopically segregated and this organization is maintained at the
level of the primary auditory cortex such that different parts of the auditory cortex are maximally
responsive to sound of different frequencies resulting in a tonotopic map (Ehret, 1997). Similar to
humans, the auditory cortex of mice is tonotopically organized, however, since murine hearing extends into the ultrasonic domain (Birch et al., 1968) the tonotopic map of the mouse auditory cortex
is complemented with an ultrasonic field (Hofstetter and Ehret, 1992). Similar to orientation tuning
in the visual cortex, single neurons in the auditory cortex are tuned to a particular frequency of an
auditory signal (Goldstein et al., 1968). In general, both the visual and auditory system use sensory
organs to transduce physical input into an electrical signal. Sensory features are extracted from the
sensory input and represented by tuning properties of single neurons. For audiovisual integration to
occur, these two systems need to exchange information, either directly or through intermediary areas.
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Figure 2. The sensory cortex of the mouse. Cortical areas are colored according to the sensory
modality they are mainly associated with as indicated by their functional properties. V1: primary visual
cortex, LM: lateromedial, LI: laterointermediate, AL: anteriolateral, V2L: lateral secondary visual cortex, RL: rostrolateral, A: anterior, AM: anteriomedial, PPC: posterior parietal cortex, PM: posteriomedial, POR: postrhinal, P: posterior, MEC: medial entorhinal, LEC: lateral entorhinal, 36p: posterior
area 36, TEp: temporal posterior, DP: dorsal posterior, DA: dorsal anterior, A1: primary auditory
cortex, S1: primary somatosensory cortex, S2: secondary somatosensory cortex. Figure produced by
G.T. Meijer, UvA.
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Brain areas and pathways involved in multisensory integration
Multisensory processing is performed by an extensive network of interconnected cortical and subcortical areas and structures (Cappe et al., 2009). One of the most well studied structures in the context
of multisensory integration is the superior colliculus, a subcortical area involved in the generation of
eye movements and other orienting responses (Lee et al., 1988). In their seminal work, Alex Meredith and Barry Stein showed that single neurons in this subcortical area in cats responded to visual,
auditory and somatosensory stimuli and that this neuronal response was modulated by concurrently
presenting combinations of these unisensory stimuli as a compound multisensory stimulus (Meredith
and Stein, 1983, 1986a). Specifically, single neurons increased their spiking activity when a visual and
an auditory stimulus were presented at the same time, compared to when these stimuli were presented
alone (Fig. 3a). This effect is known as ‘response enhancement’ since the neuronal response to a multisensory stimulus is higher than the maximal response to either one of the unisensory constituents.
Other neurons exhibit ‘response suppression’ whereby their spiking activity is suppressed during
multisensory stimulation as compared to their maximal response to either unisensory stimulus alone
(Fig. 3b). This work led to the discovery of two other “principles” of multisensory integration: the
temporal rule and the spatial rule. The temporal rule states that multisensory interaction is greatest
when stimuli from different sensory domains occur in close temporal succession of around 200 ms
(Meredith et al., 1987). The spatial rule states that unisensory stimuli from approximately the same
location in space elicit stronger multisensory interactions compared to when stimuli originate from
locations which are further apart in space (Meredith and Stein, 1986b).
At the level of the cortex, the traditional view was that primary sensory areas processed sensory specific information which converged in hub regions, like the superior temporal sulcus (Benevento et al.,
1977), where multisensory integration would take place. However, areas which were thought to only
process unisensory information such as the primary sensory cortices were also shown to contain a
neural substrate of multisensory integration (Ghazanfar and Schroeder, 2006; Kayser and Logothetis,
2007; Macaluso, 2006; Schroeder and Foxe, 2005). Visual stimuli were shown to modulate neuronal
activity in the primary auditory cortex (A1; Kayser et al., 2008, 2010) and the concurrent presentation
of auditory stimuli changes visual tuning properties of neurons in V1 (Ibrahim et al., 2016). Anatomical pathways which could mediate cross-modal processing in sensory specific areas include direct
cortico-cortical connections between primary sensory areas (Miller and Vogt, 1984; Paperna and Malach, 1991) and pathways through intermediate cortical areas located in between the primary sensory
regions (Hishida et al., 2014; Laramée et al., 2011). Thus, multisensory integration is not confined to
specialized regions in which sensory information converges but instead is a distributed process which
occurs in many regions in parallel.
The intermediate cortical areas at the interface of primary sensory cortices are of particular interest
in the context of multisensory integration because a high prevalence of multisensory neurons was
found in these areas (Wallace et al., 2004). Specifically, the posterior parietal cortex (PPC; Fig. 2) is
anatomically located in between V1 and the primary somatosensory cortex (S1) and showed a neural
17
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Figure 3. Multisensory modulation of neuronal responses in the superior colliculus. (a) Spiking
activity of a single superior colliculus neuron while visual (V only; left), auditory (A only; middle)
and combined audiovisual (VA; right) stimuli were presented. The solid line indicates the timing of
stimulus presentation and spikes are depicted as dots in the raster plot where every line corresponds
to a single presentation of the stimulus. This example neuron exhibits response enhancement because
the spiking response is stronger when visual and auditory stimuli are presented together compared
to when they are presented independently. Moreover, this example neuron shows supra-additivity
because the response to the VA stimulus exceeds the sum of the responses to V only and A only. (b)
Same as a but this example neuron shows response suppression: its spiking response is suppressed when
an auditory stimulus is combined with a visual stimulus. Figure reproduced from Meredith and Stein
1986a.

correlate of visuo-tactile integration (Nikbakht et al., 2018; Olcese et al., 2013). From this premise
the hypothesis arises that a neural substrate for audiovisual integration can be found in the cortical
region in between the primary visual and auditory cortex, where several cortical areas can be found.
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The two-photon imaging revolution
The neuronal correlates of multisensory integration have been mostly studied on the level of single
units, however, the brain consists of interconnected populations consisting of large numbers of
neurons. Investigating the functioning of the brain on the level of populations of single neurons requires recording techniques capable of measuring a large number of neurons simultaneously. Optical
fluorescence imaging is currently one of the most widely adopted methods of performing large scale
neuronal recordings. The technique relies on the excitation of a fluorescent indicator which is associated with neuronal activity and measuring the amount of fluorescent light which is emitted by the
indicator (Kerr and Denk, 2008). In conventional fluorescence imaging the indicator is illuminated
with a light source which emits photons which have exactly the right amount of energy to excite the
fluorophore. This approach is insufficient to selectively record a neuronal population which is located
deep within an intact brain because every fluorophore that absorbs a photon of the light source will
be excited and emit a photon, therefore imaging cannot be restricted to a certain depth. To overcome
this problem Winfried Denk and colleagues published a seminal paper outlining a practical application of two-photon excitation (Denk et al., 1990). Two-photon excitation relies on the principle that
a fluorophore can reach its excited state by absorbing two photons which each contain half of the
required energy simultaneously. Interestingly, Maria Göppert-Mayer (Physics Nobel Laureate, 1963)
predicted the existence of this phenomenon in her doctoral dissertation (Göppert-Mayer, 1931), long
before the invention of the laser could experimentally test her prediction.
During two-photon imaging, the focal point of a pulse laser scans through the brain of rodents,
resulting in a plane in which the fluorescence at each point is measured. This is usually achieved by
implanting a cranial window in the skull which allows the laser to be focused under the surface of the
cortex (Fig. 4a). This methodology was first used in an intact brain to measure calcium dynamics of
dendrites in cortical pyramidal neurons (Svoboda et al., 1997). The usage of calcium as an indicator
of neuronal activity proved to be successful, almost all two-photon imaging uses calcium indicators
(Rose et al., 2014). The somatic calcium concentration of a neuron reflects its spiking activity and current efforts concentrate on the possibility to infer the precise spiking activity of a neuron from its fluorescence (Berens et al., 2018; Deneux et al., 2016; Pnevmatikakis et al., 2016). The development of
genetically encoded calcium indicators (Chen et al., 2013) allowed the imaging of the same neuronal
population over a period of several months. With extracellular electrophysiological recordings it is
not possible to track the same neurons over this period of time. This made it possible to acquire neurophysiological recordings of the same neurons while the animal performs a certain behavior on several consecutive days which greatly improves statistical robustness. Furthermore, how the functional
properties of neuronal populations evolve as an animal acquires a certain behavior can be investigated
using this technique (Peters et al., 2014; Poort et al., 2015). An exciting current development is the
introduction of genetically encoded voltage indicators (GEVIs) which are transmembrane proteins
that indicate with their fluorescence the intracellular voltage of single neurons (St-Pierre et al., 2014).
These indicators have the potential to revolutionize the field of optical imaging because their fluorescence reflects the membrane potential, information that currently can only be assessed by performing
19
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Figure 4. Two-photon calcium imaging over the years of its development. (a) A schematic depiction
of the configuration in which calcium imaging is used in this thesis. A double layered glass cranial
window is implanted in the skull through which a laser beam is focused into the brain by a microscope
objective. Illustration produced by G.T. Meijer, UvA. (b) The amount of nearly simultaneously imaged neurons has increased in a linear-logarithmic fashion over the years (Cheng et al., 2011; Cotton
et al., 2013; Ohki et al., 2005; Pachitariu et al., 2016; Peron et al., 2015; Stosiek et al., 2003). (c) Field
of view of early two-photon calcium imaging recordings of neuronal populations, light blobs are
individual somata, loaded with the synthetic calcium indicator OGB (panel from Stosiek et al., 2003).
(d) Graphical rendering of three-dimensional imaging of neuronal activity (panel from Cotton et al.,
2013). (e) Multi-layer imaging of 10.000 neurons simultaneously. Every black square is one of eleven
imaging planes taken at different depths, colored dots are individual neurons (panel from Pachitariu
et al., 2016).

in vivo whole cell recordings which are technically challenging and are usually done one neuron at
the time. However, the development of GEVIs still faces hurdles to overcome such as increasing
the signal-to-noise ratio and reducing cytotoxicity and photobleaching (Platisa and Pieribone, 2018).
20
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The number of simultaneously recorded neurons using two-photon calcium imaging has dramatically
increased over the years of its development. The first calcium imaging recording of a population of
neurons was published in 2003, the authors recorded the activity patterns of 35 neurons at the same
time (Stosiek et al., 2003). Technological advances such as spatiotemporal multiplexing (Cheng et al.,
2011), three-dimensional imaging (Cotton et al., 2013) and multi-layer imaging (Peron et al., 2015)
have ultimately led up to the ability to record the activity of 10.000 neurons, although with a low
temporal resolution of around 4 Hz (Pachitariu et al., 2016). Notably, there is a trade-off between
the number of imaged neurons and acquisition speed. Currently, one can only record from such
high numbers of neurons at very low temporal resolution which limits the topics of investigation to
processes which occur at slow timescales. When plotting the amount of simultaneously recorded neurons over years, a logarithmic increase can be observed which on average amounts to a doubling of
the number of neurons every two years (Fig. 4b-e). If this trend continues in the year 2030 it should
be possible to record the activity of 200.000 neurons simultaneously. Combined with the possibility
to genetically target neuronal subtypes, these advances will provide insights into the functioning of
neural circuits on an unprecedented scale.

A population coding perspective
The acquisition of large-scale datasets opens up the possibility to answer questions regarding the
functioning of the brain on the level of networks of neurons instead of single neurons. The brain
consists of a vast number of neurons, but why? This is not a trivial question. Many operations that
the brain carries out could in theory be performed by only a few neurons. Orientation coding in the
visual cortex, for example, can in theory be carried out by eight neurons with tuning curves that span
approximately 45° around their preferred orientation (Niell and Stryker, 2008). So why are there, in
the mouse brain alone, hundreds of thousands of neurons devoted to this function? Theorists have
proposed that networks of neurons can encode information as probabilistic population codes which
reflect a neural correlate of statistical inference of stimulus features (Beck et al., 2008). In this framework, the activity of populations of neurons reflect a probability density function which codes for
the probability that a certain stimulus is present. In other words, the brain is never certain of anything
but makes a decision based upon statistical inference. Now consider two neural populations of which
one codes for a stimulus feature from the visual modality and the other for an auditory feature, both
reflect these features as probability density functions. Theory predicts that a third neural population
can perform statistical optimal integration of information between vision and audition by simply
summing the activity from these two neural networks (Ma et al., 2006).
One reason why the brain may rely on statistical inference to make decisions is that neurons are actually quite unreliable in their responses. Sensory neurons show substantial trial-to-trial variation (or
‘noise’) in their response to repeated presentations of identical stimuli (Faisal et al., 2008). This poses
a problem: how can the brain make instantaneous inferences without making mistakes when the
neuronal activity of single cells is so unreliable? The most straightforward answer is that the brain can
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pool over the activity of many cells, thereby increasing the amount of information the inference is
based on. This method is only efficient if the information signaled by individual neurons is independent from one another. However, neurons show correlated trial-to-trial variability of their responses,
these so called ‘noise correlations’ entail that the instantaneous spiking activity of neurons fluctuates
up and down in a correlated manner (Lee et al., 1998). Possible explanations why a pair of neurons
show high noise correlations are that they both receive input from a common source or they have
strong anatomical connections to one another.
The existence of noise correlations results in the situation that the information content of single cells
is not independent (Abbott and Dayan, 1999). Therefore, increasing the number of neurons in the
population does not result in a linear increase in the amount of information. Instead, information
gain saturates with addition of more neurons and this saturation is stronger when noise correlations
are higher, indicating that correlations might hamper population coding (Moreno-Bote et al., 2014).
There is, however, also experimental evidence that noise correlations can increase the efficacy of population coding (Franke et al., 2016). The question how noise correlations impact population coding is
therefore still largely unresolved.
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OUTLINE OF THESIS CHAPTERS
In this thesis I address the question how mice perform multisensory integration in a behavioral context and what the neural correlates are that underlie this behavior at the level of neural circuits in the
visual cortex. In this introduction I have summarized the current knowledge about the functioning
of the visual cortex, in particular the involvement of the visual system in processing information pertaining to other sensory modalities such as audition. It has become clear in the past decades that multisensory integration is not only performed in specialized hub regions in the brain where unisensory
information converges. A growing body of evidence indicates that, already at the level of the primary
sensory areas, information from multiple senses is processed. This invites us to consider multisensory
integration not as a function that is carried out in a particular dedicated area of the brain, but instead
is a distributed process across many cortical and subcortical structures which together constitute the
multisensory processing network. New techniques allow us to answer questions regarding cortical
functioning during uni- and multisensory processing which could not be answered before. In this
thesis we used genetically encoded calcium indicators combined with two-photon calcium imaging
to record the activity of large numbers of neurons in the visual cortex over multiple days while a
mouse either passively viewed visual and cross-modal stimuli or actively engaged in the detection and
integration of these stimuli.
In Chapter 2 we first set out to investigate how neuronal populations in the primary visual cortex were
modulated by sound. Previous work had shown that the presentation of a sound together with an
oriented grating could sharpen the tuning curve of V1 neurons (Ibrahim et al., 2016). We asked the
question whether this effect depended on the congruency between the visual and auditory components of the stimuli. We used visual and auditory stimuli which were frequency-modulated to create
audiovisual stimuli which were modulated at the same temporal frequency (congruent) or at different
temporal frequencies (incongruent). Furthermore, we asked if audiovisual modulation would only
occur when the stimulus intensity was weak because in the superior colliculus multisensory modulation becomes relatively stronger as the stimulus intensities become weaker (Meredith and Stein, 1983).
An assumption that is often made, and that we made as well in Chapter 2, is that when one presents
two stimuli from different sensory modalities at the same time, the animal will integrate the sensory
input from these stimuli. There is, however, no explicit need for the animal to do this, it could treat
the two stimuli as separate entities without consequence. Multisensory integration may happen ‘automatically’, that is, without any explicit behavioral or cognitive need for integration. In a laboratory
environment, however, one cannot assume that this is the case. Abstract stimuli (black and white bars,
tones, white noise) carry no inherent or learned correspondence to one another like multisensory
stimuli encountered throughout life do (e.g. the sight of a bird and a birdcall). Therefore, in Chapter
3 our research question was whether mice integrate visual and auditory stimuli resulting in an increase
in perceptual performance at the behavioral level. To answer this question, we developed a behavioral
task where a mouse was trained to detect visual, auditory and audiovisual stimuli. By lowering the in-
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tensity of these stimuli until they were barely perceivable, we created a situation in which integration
information across modalities was beneficial to the mouse because it could obtain more reward by
detecting more stimuli per time unit. Using this paradigm, we could also investigate under which conditions multisensory integration resulted in the strongest behavioral gains. The principle of inverse
effectiveness predicts that, on the neuronal level, multisensory enhancement increases as stimulus
intensity decreases. We tested whether this principle also holds on the behavioral level.
In Chapter 4 we asked what the neural correlates of this multisensory stimulus detection behavior
are and in which areas of the sensory cortex these correlates can be found. Our approach was to
record neural population activity in the primary visual cortex as a baseline and additionally record in
an area at the interface of the primary visual and auditory cortices. We decided to focus on area AL
because this area has reciprocal anatomical connections with both the primary visual and auditory
cortex and projects to the motor cortex (Wang et al., 2012). Therefore, we hypothesized that AL is
involved in sensori-motor transformation of audiovisual sensory information. We investigated this
by performing two-photon calcium imaging of large populations of neurons in V1 and AL while the
mouse performed the audiovisual detection task described in Chapter 3. We hypothesized to find a
higher correlate of multisensory detection behavior in area AL compared to V1 because of its anatomical position.
Lastly, in Chapter 5, we investigated canonical principles of population coding using the visual cortex
as a model system. Population coding refers to the ability of a group of neurons to represent information in a richer way compared to single neurons. In Chapter 2 and 4 we used population-level analyses, like Bayesian decoding, which rely on the principles of probabilistic coding, to extract this kind
of high-level information. One factor which is thought to greatly influence this process is correlated
trial-to-trial variability, or noise correlations. Experimental work to investigate this link, however, is
largely missing. We performed long-term chronic calcium imaging of the same neural population in
mouse V1 to answer the following research questions: (i) Are noise correlations stable over time? (ii)
Do noise correlations aid or hamper the readout of population-level information? (iii) How does the
impact of noise correlations on population coding scale when going from pairwise to higher-order
correlations?
Taken together, the chapters of this thesis provide an exhaustive insight into population coding of
multi- and unisensory stimuli in the visual cortex and answers several key outstanding questions in
the field.
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