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| Chapter 1

Introductory remarks

This thesis is the result of experimental work conducted in the Fries lab, to the
end of broadening the neuroscientific understanding of how the brain encodes
and transmits information. All the experiments were carried out in a non-humane
primate (NHP) experimental model, and involved intra-cranial recordings of neuronal
activity in the form of local field potentials (LFPs) and multi-unit activity (MUA), in
the primary visual cortical area, V1, while the animal was awake. The research work
carried out focused on revisiting two well-studied topics in neuroscience: the brain
oscillatory activity in the gamma range (=40-90 Hz) (Fries 2009), and the neuronal
spiking activity, and on further clarifying the relationship they entertain with each
other and their behavior in particular stimulation conditions.

To this end, Chapter 1 will introduce the background knowledge for the
understanding of the work conducted and described in the research chapters,
Chapter 2 and Chapter 3. Chapter 2 will examine the interaction between gamma-
band rhythmic activity and MUA, by investigating gamma rhythmic modulation
of the neuronal MUA gain in response to the presentation of a visual stimulus.
Chapter 3 will investigate the behavior of gamma-band activity and MUA in the
particular stimulation condition of stimulus repetition. Chapter 4 of this thesis will
eventually discuss findings and open questions leading to future research perspectives.
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General Introduction

Gamma-band brain oscillations and the interaction with neuronal
spiking activity and its gain modulation

The research questions addressed in the current thesis work stem from long standing
and widely discussed topics of neuroscience, namely oscillatory activity in the brain,
especially in the gamma range, and its relationship with neuronal spiking. Evidence
has accumulated over time supporting the functionality of brain oscillations,
especially in the gamma band, as syntactic organizers of the spiking activity (Buzsaki
and Chrobak 1995, Buzsaki 2010). Brain rhythms in the gamma range constitute
functionally relevant operational patterns that the brain uses for concerting the
organization of local and more distant networks, in order to flexibly support the
routing of information and the subsequent production of cognitive functions (Singer
and Gray 1995, Bosman, Schoffelen et al. 2012, Fries 2015). Recently, computational
and modeling experiments demonstrated the higher efficiency of networks of
coupled oscillators resembling closely the biology of the brain, compared to non-
oscillating networks (Effenberger, Carvalho et al. 2025, Singer and Effenberger
2025), shedding new light and interest on the topic. The presence of oscillations
seems to constitute an advantage for the brain to be able to compute highly
parallelized computations in a high-dimensional state space, therefore oscillations
are not a simple epiphenomenon of brain activity, i.e. a consequence of it, but they
hold a functional relevance (Singer 2018, Singer and Effenberger 2025). Spiking
activity and the modulation of the neuronal gain are, on the other hand, equally
important phenomena setting the basis for the encoding of information about
the stimuli presented to the brain and adapting the neuronal response to the ever
changing environment and state of the brain (Salinas and Sejnowski 2000, Salinas
and Thier 2000). Despite the plethora of studies on these topics, some questions
remain open to investigate, especially regarding the interaction of these two
brain activity patterns, the oscillatory activity and the neuronal spiking response
and its gain, in relation to stimulus response. Specifically, the interest of this work
converges on how gamma band oscillations affect neuronal spiking activity by
modulating its gain in the context of stimulus representation in the brain, and on
the behavior of gamma oscillation and neuronal spiking activity in the context of
repeated stimulation conditions.

Introduction outline

This introduction will set the background for the scientific questions leading this
thesis work by presenting a summary of the topics involved in the investigation.
Oscillatory brain patterns, specifically in the gamma range, have the ability of
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organizing spiking activity, by synchronizing neurons’ activity in meaningful
temporally structured windows of activation: an account of brain oscillations will
be given, focusing on gamma band activity and its mechanisms and functions.
A presentation of the topic of gain modulation will follow, to set the basis for an
understanding of how neuronal spiking output can be modified by ongoing brain
activity and environmental influence. Gamma-band oscillations are particularly
well observed in areas like the primary visual area V1, because they get activated
by most visual stimuli, and due to V1 circuitry of recurrently connected excitatory
and inhibitory neurons that supports the generation of such activity patterns. V1
is also well studied for the basic neuronal responses to the presentation of a visual
stimulus, and how these responses change in various environmental or stimulus
related conditions through the modulation of their neuronal gain. As V1 poses
itself as the perfect brain location to study the interaction of gamma-band activity
and the modulation of the neuronal gain, V1 will be described in the aspects that
are mostly relevant to the current investigation. Finally, an introduction to the
topic of stimulus repetition will be offered, and an outline of the thesis work will
be presented.

Oscillatory activity in the brain

Brain oscillations are evolutionarily preserved rhythmic patterns of activity widely
observed across brain areas. Evidence of synchronized oscillatory activity was
found in the brains of various species and phyla of mammals, and oscillations were
preserved during the increase of size of mammalian brains (Buzsaki, Logothetis
et al. 2013). Evidence of oscillatory activity was even found in invertebrates
(Bazhenov, Stopfer et al. 2005), and oscillations were described as originating
in developing neuronal networks already during pre-natal brain formation, as
organoid studies revealed (Trujillo, Gao et al. 2019). Typically, oscillatory patterns
of activity in the brain of mammals can range from 0.5 Hz to 500 Hz (Buzséki and
Draguhn 2004, Buzsaki 2006, Buzsaki and Moser 2013, Singer 2018), and they are
traditionally organized in defined bands or frequency ranges (Fig.1.1). Naturally,
there are differences concerning the functionality and meaning that the various
patterns of oscillatory activity have assumed in different species over the course
of evolution. For example, gamma band synchronization in mice visual area V1 that
functionally resembles the one described in the same cortical area in monkeys has
a lower frequency range (25-40 Hz in mice compared to the 40-90 Hz in monkeys)
(Fries 2009, Veit, Hakim et al. 2017, Hakim, Shamardani et al. 2018). A higher
frequency gamma (~60 Hz) was also described in mice, but this is not functionally
relatable to the primate visual gamma, because it is increased by movement and
inhibited strongly by visual stimuli (Veit, Handy et al. 2023). Yet, oscillations as a
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temporal patterning of neuronal activity remains a strikingly preserved feature of

brain activity.

Brain oscillations of various frequencies interact with each other and work in concert
across brain areas (Buzsaki and Draguhn 2004, Buzsdki and Moser 2013), and are
generally described as to be organized in a hierarchy where faster oscillations nest
in the slower ones facilitating the retention of information at a local level and the
integration of it at a more global one (Buzsaki 2006). This feature of brain rhythms
offers important advantages in terms of organization and optimization of the
neuronal computation to the brain.

A
4 3 2 4 0 1 2 3 4 5 gz
1 1 | 1 1 1 1 1 1 1 1

200-600 Hz, ultra fast ==
80-200 Hz, fast —e—
30-80 Hz, gamma —0—
10-30 Hz, beta ——

A R g oA HIRHE

1.5-4 Hz, delta  p——i

Classes

f— D 0.7-2 s, slow 1

—e— 15-40 s, slow 4

T T T T T T T T T T T
0.05 0.37 272 20.09 148.81

Frequency (Hz)

Fig. 1.1 Brain oscillations frequency ranges (A). This figure shows the traditional classification of
oscillatory activity in the brain according to frequency bands. The alpha band, generally classified as
ranging between 8 and 12 Hz (Buzsaki and Draguhn 2004) was missing in the original figure and was
inserted with an edit. Figure adapted from (Buzséki and Draguhn 2004).

Mechanisms of brain oscillations

Rhythmic activity in the brain is commonly originated from local or more extended
networks of neurons presenting a specific cell composition and organizational
motifs (Singer 2018). Usually, the establishment of an oscillatory firing pattern
depends on the presence of recurrent inhibitory connections to an excitatory
neuron that generate a negative feedback loop. Every time the excitatory neuron
fires, the connected inhibitory neuron is excited, and will consequently fire with
a small delay, inhibiting the activity of the same excitatory neuron to which it is
recurrently connected (Kopell, Ermentrout et al. 2000, Bérgers and Kopell 2003).
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Functional relevance of brain oscillations

Very debated during the course of time has always been the question whether
these rhythmic patterns of activity hold a functional meaning for the brain, or
simply represent a byproduct of neuronal spiking activity, and are therefore to be
considered epiphenomena (Ray and Maunsell 2015, Singer 2018). Convincingly,
oscillatory activity is capable of temporally parsing neuronal spiking, which means
to organize neuronal spiking in a temporal manner (Buzsaki, Logothetis et al. 2013,
Singer 2018), which is also energy efficient (Buzsaki and Chrobak 1995, Buzsaki
and Draguhn 2004). Due to the alternation of excitatory and inhibitory phases of
an oscillatory cycle, excitatory post-synaptic potentials (EPSPs) will have a higher
or lower chance to effectively integrate. Because individual cells integrate inputs
in short time windows, information, may it be contained in a barrage of spikes
with a specific rate (as supporters of the rate-code integration theory sustain) or
in a coincidental arrival of spikes (as supporters of coincidence detection theory
sustain), has to be anyways coordinated in time (Ahissar 1998, Ainsworth, Lee et
al. 2012, Peter 2020). Oscillatory activity in the brain offers the opportunity to
precisely time neuronal spiking and favor information transfer between neuronal
assemblies that resonate at a similar frequency (Fries 2005, Fries 2015). To better
explain the two integration theories mentioned above, according to the rate-code
integration theory, information is contained in the spike rate, i.e. average firing
rate in a restricted time window is essential for the transmission of information. On
the other hand, coincidence detection theory supports a temporal code, i.e. that
coincident arrival of spikes is the basis for information transmission (Ahissar 1998,
Ainsworth, Lee et al. 2012).

Another interesting property of oscillatory activity is that of being capable to
serve the dynamic organization of cellular assemblies in functional networks. For
cognitive processes and behaviour to be put in action, the integration of signals
has to be quick, and many brain areas even distant from each other, have to be
coordinated. The anatomical connections between cells would require too long
of a time to be structurally re-arranged for this process to be enacted in an useful
time, while oscillatory activity is capable to support the formation of functionally
relevant cell assemblies almost instantly, by coordinating cells” activity locally, and
in distant networks. This way, the flexibility required to timely switch from one
functional assembly to another can be guaranteed (Varela 1995, Varela, Lachaux et
al. 2001, Singer 2018).
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Gamma - band oscillatory activity

The gamma rhythm is a specific frequency band of the brain oscillatory activity
commonly classified as ranging between 40 and 90 Hz (Fries 2009), and it well
recapitulates all the characteristics of brain rhythms described in the previous
section of this introduction. Gamma-band activity is one of the most widely
observed, described, studied and debated ranges of oscillatory activity in the brain.
Associated with many cognitive functions and observed in many animal species
ranging from mammals to invertebrates (Wehr and Laurent 1996, Laurent 2002),
gamma-band activity started to gain importance in the landscape of research
addressing brain oscillation after a series of seminal studies in the visual cortex
of anesthetized cats, were gamma activity was prominently activated during
stimulation with gratings or moving bars (Eckhorn, Bauer et al. 1988, Gray, Konig et
al. 1989, Gray and Singer 1989, Engel, Konig et al. 1991, Engel, Kreiter et al. 1991).
Evidence of gamma activation following visual stimulation was later reported also
for other kinds of stimuli, including free vision in awake animals (Gray and Viana Di
Prisco 1997, Fries, Reynolds et al. 2001, Bichot, Rossi et al. 2005).

Many other cortical and extra-cortical brain areas show gamma activation (Wehr
and Laurent 1996, Stopfer and Laurent 1999, Csicsvari, Jamieson et al. 2003) . For
example, gamma was reported in awake and behaving cats and monkey’s visual
areas and auditory cortex, in human visual and somatosensory cortical areas (Bauer,
Oostenveld et al. 2006, Fries, Scheeringa et al. 2008, Wyart and Tallon-Baudry 2008),
and also in the spinal cord (Brown, Salenius et al. 1998, Schoffelen, Oostenveld et al.
2005). Gamma band synchronization was also studied and reported in hippocampus
of mice and rats (Bragin, Jandé et al. 1995, Csicsvari, Jamieson et al. 2003, Sirota,
Montgomery et al. 2008). All the reported gamma rhythms might hold a different
functional significance according to the anatomical area they originate from and
the cognitive function under investigation. Visually activated gamma in NHP area
V1 is the type of gamma-band rhythm that this thesis work will be concerned with.

Gamma - band activity in the visual system

Gamma has been widely studied and characterized in relation to visual processing,
and especially in visual area V1. In this cortical area, gamma power has been
demonstrated to progressively increase with stimuli of increasing size and contrast,
and with strength of the input (Roberts, Lowet et al. 2013, Peter, Uran et al. 2019,
Lewis, Ni et al. 2021, Gieselmann and Thiele 2022). Interestingly, the pattern of
gamma activation was also demonstrated to depend on the structure of an image.
When an image is homogeneous, gamma activity is reported to be stronger, while
when an image presents mismatches or discontinuities, gamma is reported to be
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weaker. This is in opposition with the effects reported for firing rates described by
the traditional receptive field (RF) center-surround modulation effect (Gieselmann
and Thiele 2008, Peter, Uran et al. 2019). In addition, gamma oscillations were
shown to be strongly activated in V1 following stimulation with chromatic stimuli or
surfaces. Color is, therefore, another relevant stimulus feature for gamma activation
(Zweig, Zurawel et al. 2015, Peter, Uran et al. 2019, Stauch, Peter et al. 2022)
(see also Chapters 2, 3).

Long range connections responsible for horizontal connectivity across the columns
of the visual cortex may also play a role in the modulation of gamma oscillatory
activity (Vinck and Bosman 2016). Since horizontal connections were demonstrated
to mainly link together columns with a similar orientation preference in V1
(Angelucci, Bijanzadeh et al. 2017) (see also below), these could be responsible for
the modulation of gamma strength in different stimulation conditions: for example
they could determine the increase or decrease in gamma strength witnessed,
respectively, with homogeneous stimuli or with discontinuous ones (Peter, Uran et
al.2019). Long-range interneurons might also be represent the necessary anatomical
connection to allow gamma synchronization to establish between remote areas
of the brain, because they exhibit several times thicker myelinated axons than
pyramidal cells, thanks to which electrical impulses travel faster (Jinno, Klausberger
et al. 2007). The effect of long range and lateral connections on modulating gamma
band activity (Chapter 3) and its interaction with neuronal spiking MUA (Chapter 2
and 3) will be discussed at many points during this thesis work.

Gamma - band activity as organizer of neuronal spiking

The interest in gamma-band activity and in clarifying how this rhythmic pattern
interacts with neuronal gain stems from some of its characteristics. Firstly, gamma
has cycle durations in the range of milliseconds, which makes it the preferential
candidate to effectively support synaptic integration processes that happen in
the same time scale. Secondly, gamma has been functionally acknowledged to
be capable of organizing neuronal spiking activity at a local level and network
synchronization at a more global one, favoring information transfer. These aspects
will be clarified in the following paragraphs.

Due to its short cycle length, the gamma rhythm has more than any other rhythm
the potential to support neuronal integration in the restricted milliseconds-long
time windows that are necessary to guarantee integration at a synaptic level. 40 -
80 Hz frequencies, correspond in fact to cycles of 25 to 12ms (Fries 2009), and the
spikes of neurons synchronized by this rhythm will generally tend to concentrate in
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half of the cycle (the half that guarantees excitation) due to the modulatory activity
of the oscillation, so that the window of opportunity for neuronal activation for
sending and receiving input will be restricted to 12 to 6ms, exactly the same time
range available for synaptic integration so that spikes would effectively summate in
the postsynaptic neuron (Fries 2009).

One classical hypothesis about the functional role of gamma in the visual system,
and more generally in the brain, is the Communication through Coherence (CTC)
hypothesis (Fries 2005, Fries 2009, Fries 2015). CTC highlights the role of gamma
oscillations in organizing neuronal spike output from and input to a local network,
and more globally its role in supporting selective and functional routing of
information via the dynamic re-organization of cellular assemblies according to the
current cognitive demand. Locally, gamma oscillatory activity modulates neuronal
membrane potentials of the neurons neuron to respond to an input stimulus, and
to send spiking output grouped in time with increased efficacy. At a more global
scale, CTC postulates that gamma coherence between neuronal populations can be
adjusted ad-hoc so to guarantee optimal transmission of relevant information (Fries
2005, Fries 2009, Fries 2015). In attentional selection processes the gamma-band
phase coherence between a sender group of neurons and a receiver one has been
demonstrated to increase for attended vs non-attended stimuli, and this way support
preferential downstream routing of the related information. This was shown in V1 - V4
studies (Bosman, Schoffelen et al. 2012, Grothe, Neitzel et al. 2012, Grothe, Rotermund
et al. 2018). When attention is directed at a target, this will be preferentially sent to a
receiver group of neurons by means of selective entrainment and phase coherence
(Womelsdorf, Schoffelen et al. 2007, Lakatos, Karmos et al. 2008, Bosman, Schoffelen
et al. 2012, Grothe, Neitzel et al. 2012, Grothe, Rotermund et al. 2018).

Origin and modulation of gamma oscillations

A crucial role in the generation of gamma band oscillatory activity has to be
attributed to inhibitory interneurons (Buzsaki and Wang 2012). The brain areas
where the gamma rhythm is commonly described have in common the presence
of local inhibitory neurons acting on excitatory neurons via recurrent connections
and GABAergic synapses. Peri-somatic inhibition enacted by local interneurons
was demonstrated to be effective in determining the installment of rhythmic
synchronization with inhibitory post-synaptic potentials (IPSPs), rather than
excitatory EPSPs (Lytton and Sejnowski 1991). Two models are regarded as the
most accountable for gamma generation. The first model is based on inhibitory —
inhibitory reciprocal connections, and is generally referred to as I-I or interneuron-
network gamma (ING) (Wang and Buzsidki 1996, Chow, White et al. 1998,
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Traub, Bibbig et al. 2000), the second model is based on excitatory - inhibitory
connections, and it is commonly called the E-I model or pyramidal-interneuron
network gamma (PING) (Lytton and Sejnowski 1991, Borgers and Kopell 2003,
Borgers, Epstein et al. 2005).

According to the I-I model, the only necessary elements to originate a gamma
cycle are reciprocally connected inhibitory interneurons with a time constant
given by their GABA, channels, and an appropriate amount of drive to induce
spiking activity (Bartos, Vida et al. 2007, Buzsdki and Wang 2012). The sufficient
drive to trigger the activation of the gamma cycle can be provided both via tonic
and stochastic inputs to the recurrent neuronal network (Brunel and Wang 2003,
Ardid, Wang et al. 2010, Economo and White 2012). In the case of an E-I model
(Borgers and Kopell 2003, Borgers and Kopell 2005), excitatory neurons are
mutually connected with inhibitory neurons, and the activation of the gamma
rhythm can similarly be triggered by tonic or stochastic drive to the network.
Between the spiking of the pyramidal neurons and the interneuron, a synaptic
delay of around 5 ms elapses. This delay, together with decay time constant of the
IPSPs determines the preferred frequency of the gamma cycle (Bérgers and Kopell
2005, Buzsaki and Wang 2012).

Traditionally, studies in rodents have identified Parvalbumin positive (PV*) basket
interneurons as the locally coupled type of inhibitory cells connecting with
the pyramidal cells in the generation of the gamma cycle (Buzsaki, Anastassiou
et al. 2012). More recent studies, still in rodents, have identified also a role for
Somatostatin positive interneurons (SST) and Vasoactive Intestinal Peptide (VIP)
positive interneurons (Cardin, Carlén et al. 2009, Veit, Hakim et al. 2017, Veit, Handy
et al. 2021). In NHP, the generation of gamma rhythms was mostly studied via non-
cell-type specific causal manipulations, so it is not clear which specific interneurons
contribute mostly to the oscillation (Psarou 2024).

Gain Modulation

Gain modulation is recognized to be one of the few canonical computations of the
brain, i.e. one of those general mechanisms used across the whole brain to serve
many modalities, brain states, and cognitive functions (Salinas and Thier 2000,
Reynolds and Heeger 2009, Ohshiro, Angelaki et al. 2011). Neuronal gain refers to
the “sensitivity of a neuron to changes in input” (Ferguson and Cardin 2020), and
can be measured in terms of the slope of the ratio between the incoming signals
the neuron receives, and its firing rate in response to them, or more simply the
slope of the neuron’s input-output (I/0) response curve (Silver 2010, Ferguson and
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Cardin 2020). Modulation of the neuronal gain achieves the scope of regulating
the amplitude of the neuron’s response to an input without affecting the neuron’s
selectivity for the features of the stimulus, or the characteristics of its RF (Andersen
and Mountcastle 1983, Salinas and Thier 2000, Ferguson and Cardin 2020).

One example of gain modulation is contrast-invariant tuning, a mechanism
described in the visual system where neurons respond to stimuli of different
contrast intensity without changing their orientation preference or spatial
frequency tuning (Ferster and Miller 2000, Alitto and Usrey 2004, Finn, Priebe et
al. 2007). Normalization is another special form of gain modulation where the
summed activity of a local pool of neurons divides and this way scales the neuronal
responses (Carandini and Heeger 2011).

Functions of gain modulation

In an ever-changing environment that constantly challenges the brain with
variable stimuli, gain modulation represents the perfect computational strategy to
guarantee the necessary flexibility to encode the input information in an efficient
way, and elaborate adequate responses to salient stimuli. For example, neurons
should be able to detect weak stimuli, and at the same time not saturate their
response to strong stimuli (Ferguson and Cardin 2020). Therefore, gain modulation
acts via adaptation so that differences in sensory inputs over a wide range of
intensities can be more easily detected and represented (Demb 2007, Farley, Quirk
et al. 2010). This was reported in many brain areas linked to different sensory
modalities, like the primary auditory cortex of awake rats and monkeys (Fishman
and Steinschneider 2012, Natan, Carruthers et al. 2017), in cat primary visual cortex
(Cardin, Palmer et al. 2008), and in macaque MT (Kohn and Movshon 2003), to
mention a few.

On the other hand, gain modulation is essential not only in relation to external
stimuli conditions, but also for adapting responses to changing brain states. The
brain can change between states of quiet wakefulness, arousal, sleep, and many
others that engage different levels of activation thanks to the mechanism of gain
modulation, which operates to make sure the input signals are encoded and
processed appropriately. For example, the states of arousal and locomotion are
found to increase the gain of neurons in visual cortical areas (Niell and Stryker 2010,
Vinck, Batista-Brito et al. 2015). Functional relevance of gain modulatory processes
can also be found in the enhancement of relevant information when the gain is
modulated by attention (Reynolds, Pasternak et al. 2000, McAdams and Reid 2005).
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Different kinds of gain modulation

There are different kinds of gain modulation. If on the one hand, a neuron increases
its net output response to the incoming input stimulation or has a leftward shift in
its I/0 curve that does not change the net output, but increases the output response
for lower input intensity, this is referred to as multiplicative modulation (Fig.1.2A,
light-blue arrows). If on the other hand, the net output response of a neuron is
reduced, or the I/0 curve of the neuron is shifted rightwards, the gain modulation
mechanism in place is called divisive (Fig.1.2A, green arrows). Both these
mechanisms of multiplicative and divisive gain modulation can be exerted either
on the incoming signal to a neuron or on the response of a neuron to an incoming
signal, according, respectively, to an input-gain modulation model (Fig.1.2A, left
panel) or an output-gain modulation one (Fig 1.2A right panel). More precisely, in
case of an input-gain modulation, the sensitivity of the neuron to the stimulus is
affected, via a multiplicative or divisive scaling of the input signal, and a resulting
shift of the 1/0 response curve towards the left (multiplicative modulation) or the
right-hand side (divisive modulation). An output-gain modulation multiplicatively
or divisively scales the net response neuronal firing, altering the maximum output
(Silver 2010, Ferguson and Cardin 2020). Importantly, both input- and output-
gain modulation do not affect the stimulus selectivity, i.e. the tuning curve, of the
modulated neuron (Reynolds and Desimone 1999).

There are other cases of transformation of the 1/0 response curve that are not
multiplicative, but are represented by simple upward or downward shift (Fig.1.2B).
These mechanisms are referred to as additive or subtractive operations and
differ from multiplicative gain modulation processes because they maintain the
sensitivity of the neurons, while changing their stimulus selectivity (Silver 2010,
Ferguson and Cardin 2020).

Mechanisms implementing gain modulation

The mechanisms allowing multiplicative or divisive gain modulation at a cellular
level are mainly the regulation of synaptic input, and the strong role of inhibition
mediated by GABAergic interneurons, and the neuromodulatory influence of the
brain state (Ferguson and Cardin 2020).

The regulation of the overall level of synaptic inputs to a neuron in conjunction
with environmental factors such as the stimulus drive and the neuromodulatory
influence of the current brain state can affect the spontaneous fluctuations in the
membrane potential (V ), which can in turn regulate the gain of single neurons
(Chance, Abbott et al. 2002, Cardin, Palmer et al. 2008). Sub-threshold input drive
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to a neuron can also contribute to the modulation of its gain thanks to stochastic
resonance, since noisy background synaptic input can drive some sub-threshold
signals to surpass detection threshold (Bulsara, Boss et al. 1989).

o

Input gain Response gain

Input (Hz) Input (Hz) Input (Hz)

| 4 Multiplicative | Divisive| | tAdditive | Subtractive |

Fig. 1.2. Different types of gain modulation. (A) Gain modulation can be multiplicative, and increase the
neuronal gain, or divisive, and reduce the neuronal gain. Multiplicative modulation is represented by the
light-blue arrows in the figures, divisive modulation by the green arrows. Multiplicative and divisive
modulations change the shape of the neuronal input/output curve and can impact the input (left-hand
side) or the output (equivalent to the response, right-hand side) gain of the neuron. (B) Transformation of
the I/0 response curve can also be represented by a shift of the curve. In this case, the stimulus selectivity
of the neuron in question changes, and the modulation is referred to as additive (light-blue arrows) or
subtractive (green arrows). Figure adapted from (Ferguson and Cardin 2020).

Inhibition imposed by GABAergic neurons can also determine gain modulation.
GABAergic inhibitory neurons comprehend classes of interneurons like PV*, SST*
or VIP* expressing interneurons (Katzner, Busse et al. 2011, Lee, Kwan et al. 2012).
All of these cell types may be involved in specialized gain modulation processes
(Natan, Rao et al. 2017), and their activity is often influenced by other parameters,
like brain or behavioral state and the kind of stimulation. Shunting inhibition also
represents a crucial mechanism for gain modulation, allowing the dampening of
incoming excitatory input to a neuron, without affecting its V_ (Mitchell and Silver
2003). All of these mechanisms can contribute to generating multiple different
kinds of gain modulation, depending on how they are combined.

Mechanisms such as depolarization and change in membrane conductance that do
not dependent on direct modulation of the synaptic input drive, only determine
additive or subtractive shifts in the 1/0 response function, since they affect the
neuron’s rheobase and consequently the level of depolarizing current necessary for
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spiking (Salinas and Thier 2000, Silver 2010), changing neuron selectivity towards
a stronger or weaker stimulus, rather than its sensitivity. These mechanisms,
though, can also modulate the gain of a neuron in a multiplicative or divisive way
if combined with the other synaptic input regulating processes, like for example
shunting inhibition (Shu, Hasenstaub et al. 2003, Vogels and Abbott 2009).

Note that all the mechanisms described above to implement gain modulation apply
to the postsynaptic neuron as a whole, or to the summed synaptic input drive to
it. This consideration will be followed up in the discussion presented in Chapter 4,
in the Considerations and future perspectives for gamma rhythmic gain modulation
studies paragraph.

The role of inhibitory activity is crucial for the brain’s computations, just like it
was specified for the generation of gamma oscillatory activity, it is again here for
neuronal gain modulation. More considerations about the role of inhibition in
regulating neuronal gain and its interaction with gamma band activity will follow in
Chapters 2, 3, and 4.

Gain modulation and gamma-band oscillatory activity

The question of whether — and how - the gamma-band rhythm modulates the
neuronal gain stems from one of CTC's fundamental arguments, namely that
oscillatory modulation of the neuronal gain gives an advantage to information
transmission processes because “inputs that consistently arrive at moments of high
input gain benefit from enhanced effective connectivity” (Fries 2015). What does
this entail? There are three main predictions about gamma-band modulation on
the gain of neurons that can be derived from the CTC hypothesis:

1. Multiplicative gain modulation

Gain modulation imposed by gamma band rhythmic activity is supposed
to be multiplicative. The effect of gamma-band oscillatory modulation on
the neuronal gain is not merely additive, i.e. it does not correspond to a
upwards or downwards shift of the 1/0 response curve, which is in practice
represented by a constant neuronal response to the presentation of a stimulus
superimposing additively onto phases of higher or lower excitability during
the gamma cycle. On the contrary, the gain modulation imposed by gamma
should be multiplicative, such that input aligned to beneficial gamma phases
will benefit from genuinely enhanced gain.



General introduction |

2. Input-gain modulation model

The nature of the modulation imposed by gamma is predicted to resemble
an input-gain mechanism. This means that gamma-rhythmic gain modulation
should act on the neuronal sensitivity, shifting the 1/0 curve sideways. This
is consistent with the CTC observation that the inhibitory activity involved
in the generation of the gamma cycle will periodically inhibit inputs to the
downstream neuron.

3. Preserved selectivity

One of the roles postulated by CTC for gamma-band activity is that of
supporting the preferential transmission of an attended stimulus in selective
attention processes. In order to guarantee this, the gain-modulation
mechanism implemented by gamma has to act specifically on the subset
of synaptic inputs that are attentionally selected, and not on the overall
pooled synaptic input to a neuron. On this ground, gamma should be able to
selectively amplify synaptic inputs corresponding to a specific stimulus, on
top of not altering the neuronal tuning properties, which is already implied in
the definition of multiplicative input gain modulation.

Stemming from these considerations, the main topic of gamma-rhythmic gain
modulation will be addressed in Chapter 2, trying to define if this modulation
exists and surpasses the mere effects of an additive kind of modulation, towards
a multiplicative one. On the other hand, Chapter 2 will try to assess if the model
imposed by gamma modulation corresponds to an input or an output gain. It will
not be possible to elucidate all aspects and predictions highlighted in the above
paragraph in the course of the current dissertation, for example, input selectivity of
the gain modulation will not be tested (but more considerations on this topic will
follow in Chapter 4).

Visual area V1

The area we chose to investigate gamma band activity and the neuronal spiking
activity in the form of continuous MUA is the primary visual area V1 of NHP. V1 is
particularly suitable to address these topics, because it shows prominent gamma-
band activation for the majority of the visual stimuli, as it was described in the
previous paragraph about gamma-band oscillatory activity, and it is also one of
the areas where basic characteristics of neuronal response and gain modulation
to stimuli were studied. V1 is at the basis of the cortical visual hierarchy in the
mammalian brain, and it is the first processing station after retina and the lateral
geniculate nucleus (LGN) of the thalamus, where complex computations about
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the visual stimuli are performed (Priebe and Ferster 2012). This means that
information that is relayed non-specifically by the retina and LGN, is organized
according to selective features like edges and orientations (Priebe and Ferster
2012). The basic computation attributed to V1 is, in fact, to recognize oriented
edges, and this represents the first basic step towards object segregation and
recognition (Tschechne and Neumann 2014, Peter 2020). V1 is also sensitive to color
information: based on these specific characteristics the stimulation paradigms
that will be presented in Chapters 2 and 3, namely an oriented bar on a colored
background, was defined.

Structure and function of V1

V1 is organized as a retinotopic map of the visual field (Tootell, Hadjikhani et al.
1998, Blasdel and Campbell 2001) so that RFs of neurons responding to spatially
neighboring parts of the visual field are positioned close by in V1. RFs of neurons in
V1 are small compared to higher visual processing areas, and represent the visual
scene with a level of detail that decreases with eccentricity, i.e. when deviating
away from the fovea, the center of fixation (Harvey and Dumoulin 2011).

On a histological level, the organization of V1 in NHP is based on the existence
of functional columns (Sincich and Horton 2005). V1 is organized in columns of
neurons with specialized function that span the thickness of the cortex until the
white matter (Hubel and Wiesel 1968, Hubel and Wiesel 1979). Two prominent
selectivities of columns of neurons in V1 are ocular dominance and orientation.
Ocular-dominance columns receive information from specific layers of the LGN
conveying inputs that are segregated for the right eye and the left eye. This way,
segregation is maintained to the input into area V1. On the other hand, orientation
selective columns are organized so to respond to specific oriented contours.
(Kandel, Koester et al. 2021). Besides the columnar organization, another structural
feature of V1 is that of being organized into blobs and inter-blobs (Kandel, Koester
et al. 2021). Initially, it was thought that blobs responded specifically to color
information, while the orientation selective neurons were to be found in the inter-
blobs (Livingstone and Hubel 1988). More recent studies proved instead that both
blobs and inter-blobs respond to color information (Wachtler, Sejnowski et al.
2003). A scheme of this organization is presented in Fig1.3A.

V1 has typically been referred to as striate cortex, due to the clear organization of
its structure in six layers (Hubel and Wiesel 1968), with a layer 4 that is visible to the
naked eye as “stria Gennari”. The layers, or laminae have been described for their
specialized functions from the outermost, layer one (L1), to the innermost, layer
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six (L6). L4 represents the preferential input layer to V1 with connections arriving
from LGN (Solomon 2021). Layer L4 projects forward connections to L2 and L3,
which represent the main output layers to higher visual areas. L2 and L3 also
represent the preferential layer for gamma-band activity generation, together with
a subset of L4, L4B (Vinck and Bosman 2016), since they not only receive input from
L4, but also present an extensive network of lateral and recurrent connections,
perfect network substrate for the generation of such a rhythm, and also project
further to upper cortical areas, supporting the role of feedforward transmission
of information to which gamma is traditionally associated (Bosman, Schoffelen
et al. 2012, van Kerkoerle, Self et al. 2014, Bastos, Vezoli et al. 2015, Michalareas,
Vezoli et al. 2016). Some of the input information from the LGN reaches L5 and L6
as well, layers that are reached by top-down feedback connections from L2 and
L3, project than back to the LGN, and are responsible for communication with
the motor system (Kandel, Koester et al. 2021). The L1 mostly contains dendritic
processes serving as horizontal connections and interneurons. This information is
summarized in Fig1.3B.

On a cellular level, V1 is mainly composed of two functional cellular types, the
simple and the complex cells, whose characteristics explain the emergence of the
basic computation in V1, the encoding of oriented edges. The simple cells present
the typical ON/OFF RF, responding to light in the center of the RF, and dropping
quickly the response when stimulated in the surrounding area (Priebe and Ferster
2012). Simple cells recognize end encode spatial changes in local illumination
which might indicate the presence of a boundary, and this makes it possible to
encode for the edge of an object. The integration of the information encoded by
several simple cells is performed by a complex cell, which responds to oriented
light information, and puts together several pieces of the receptive field presenting
the indication of an edge and characterized by the same orientation selectivity.
Complex cells are capable of summating information from simple cells with feature
invariance, defining oriented edges (Hubel and Wiesel 1962, Hubel and Wiesel
1968, Priebe and Ferster 2012).
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Fig. 1.3. Structural architecture of V1 layers. (A) Histological organization of a patch of V1 cortical area.
The tissue has a columnar organization of ocular-dominance and orientation specific columns.
Oriented columns spanning the 360 degrees of possible orientations are organized in a hyper-column.
Blobs and inter-blobs respond to orientation and color information. (B) The circuitry between V1 layers
and other visual areas is summarized. V1 mainly receives input from LGN, and input is distributed in L4
and L5/L6. L2 and L3 receive input from L4 and represent the main output layers to higher visual
processing areas, while L5 and L6 receive top-down feedback connections form L2 and 3 and are the
main output layers feeding back into LGN and communicating with the motor system. L1 mainly
contains dendritic processes acting as horizontal connections. Figure adapted from (Kandel, Koester
et al. 2021) chapter 21

Stimulus repetition and plasticity

Both gamma-band rhythmic activity and neuronal spiking activity were assessed
in a quite consistent body of literature in relation to repeated presentations
of a stimulus. The interest in studying the response of the brain to a repeated
identical input stems from two levels of observation about the natural process of
vision. First of all, on a stimulus level, any visual scene constituting the input to
the visual processing system, contains repeated information. In each landscape or
scene presented to the eye, some features like contours, oriented edges or colors,
are represented a plethora of times (Torralba and Oliva 2003). These statistical
regularities are the building blocks for the composition of an image. On a behavioral
level, on the other hand, it is also commonly observed that in the scanning
of a visual scene, the eyes tend to revisit the same image locations or objects
multiple times (Wilming, Harst et al. 2013), so that, again, the repeated input to
the visual system represents a phenomenon of importance for the processing of
visual information. The information reaching the brain will be, as a consequence,
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redundant, and it is of interest to understand how the brain makes use of these
regularities and optimizes its computation in relation to it.

Many studies have addressed the topic of stimulus repetition reporting interesting
findings. Early fMRI studies indicated that blood oxygen level dependent (BOLD)
signals decreased without affecting behavioral performance, or even with
an improvement of it (Grill-Spector and Malach 2001). The effect of stimulus
repetition was also initially reported to increase synchronization over the lower
frequency bands, like alpha and beta (Gilbert, Gotts et al. 2010, Gilbert and Li 2013).
Enhancement of oscillatory activity in the alpha-beta band in response to repeated
stimuli can be linked to a top-down information flow (von Stein and Sarnthein
2000), as confirmed by studies associating lower frequency bands with feedback
receiving layers in V1 (Bastos, Vezoli et al. 2015), and possibly cover the functional
meaning of signalling the increased predictability of the repeated stimuli. Another
study showed that stimulus repetition not only increased the strength of gamma
activity, a rhythm generally associated with feedforward signaling (Bastos, Vezoli
et al. 2015), but also increased gamma synchronization between areas V1 and V4
of the monkey cortex (Brunet, Bosman et al. 2014). Later studies confirmed and
reinforced the findings of a decrease in firing rate and increase in gamma band
synchronization in response to visual stimuli, adding that there’s a specificity to
this effect, since each repeated stimulus independently shows signs of repetition-
dependent change in the neuronal response to it (Stauch, Peter et al. 2020, Peter,
Stauch et al. 2021, Psarou, Parto-Dezfouli et al. 2025). This evidence taken together
supported the hypothesis that repetition suppression of the neuronal spiking in
combination with higher power in oscillatory activity represents a mechanism to
increase the efficiency of brain computation by increasing the temporal precision
of the lower spike number, so that behavioral performance is not affected (Grill-
Spector, Henson et al. 2006, Gotts, Chow et al. 2012).

(Stauch, Peter et al. 2020) described a cellular mechanism to explain how gamma
power increase comes about in conjunction with decrease in spike rates. Gamma
band activity is very likely to intervene in processes of plasticity like the Hebbian
spike-time-dependent plasticity (STDP) (Caporale and Dan 2008), because STDP is
critically dependent on the temporal relationship between two neurons’ spiking,
and the gamma cycles not only provides a frame for spikes’ alignment that makes
them more efficient, but it also works at a time scale that perfectly matches the times
necessary for synaptic integration (Fries 2009, Singer 2021). STDP is well known for
being able to change the strength of a synapse by reinforcing it, when the pre-
synaptic neuron fires before the post-synaptic one, or weakening it, in the opposite
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case. It is possible therefore, that gamma-activated processes of STDP influenced
the reciprocal connection weight and consequently pattern of activity of neurons
linked together in the generation of a gamma cycle in the context of stimulus
repetition. If we assume that the gamma cycle is generated by a characteristic
sequence of excitation followed by inhibition after a small delay, (E - 1), other less
driven excitatory neurons (e) connected locally will fire only after the E-I primary
cycle, if they can fire at all. It is possible that the E-I connection will be reinforced
due to the appropriate temporal spiking sequence of the two neurons, while the
connection with the other e neurons of the circuit will be weakened, because they
fire in delay, according to the rules of the STDP. This could lead to a substantial
increase of the strength of oscillatory activity in the gamma range, together with
a concomitant decrease of the independent neuronal spiking in the local network.
This model explains a potential mechanism for the effects described above.

This abundance of studies addressing the topic of stimulus repetition effects
investigated the most various group of stimuli type, and reported consistently the
same results when describing the behavior of gamma-band activity and MUA. From
here, the interest arose in verifying if a similar pattern of behavior for gamma-band
and MUA could be found in the context of the repetition of the specific stimuli that
were used for the task designed to address the abovementioned topic of gamma
rhythmic gain modulation that will be presented in Chapter 2. The results for this
study will be presented in Chapter 3.

Finally, a clarifying distinction has to be made between stimulus repetition and the
more general phenomenon of adaptation. Repetition refers to a type of stimulation
paradigm where the same visual (in the case of the current work) stimulus is
repeated multiple times, and the interest is in observing and describing the brain
response to it. Adaptation on the other hand, refers to the observed phenomenon
of reduction of neuronal responses over time as a consequence of prolonged
presentation of a stimulus (Weber and Fairhall 2019). Repetition is a characteristic
of the stimulation paradigm, while adaptation is a phenomenon of the neural
activity. This is the meaning with which these two terms will be used throughout
the course of this dissertation. It is not to be excluded that adaptation processes
intervene in determining the reduction in firing rate usually described in stimulus
repetition paradigm based studies.
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Thesis outline
In light of the considerations presented above, this thesis will investigate two main
scientific questions:

1. How does gamma rhythmic activity modulate the gain of the MUA response
to a visual stimulus?

2. How do gamma band oscillatory activity and MUA behave in the context of
non-classical stimuli repetition?

Questions 1 will be addressed in Chapter 2 by revisiting a previous study
(Ni, Wunderle et al. 2016), with a new stimulation paradigm and new analysis
methods. The study will assess the effect of gamma-band oscillation phase on the
MUA gain modulation in response to a visual stimulus. The working hypothesis of the
study is that gamma imposes a multiplicative gain modulatory effect, i.e. that gamma
is capable of changing the neurons’sensitivity to a stimulus. The multiplicative nature
of this gain modulation effect entails that the MUA response to the presentation of a
stimulus cannot be described as a mere sum of a constant stimulus response added
on top of gamma phases of higher or lower excitability determined by the ongoing
gamma oscillatory activity. The study will also characterise the modulation imposed
by the gamma rhythm on MUA by identifying the model, input or output gain,
according to which gamma is modulating the MUA gain, and assess the absolute
phase of gamma modulation.

Question 2 will be addressed in Chapter 3 and will also revisit previous findings,
namely that stimulus repetition typically leads to V1 firing rates to decrease and
gamma activity to increase. The idea to re-investigate the behavior of gamma-band
oscillatory activity and MUA in relation to stimulus repetition stemmed from the
abundance of trials collected during the recordings, and from the realization that
the visual stimuli presented in the paradigm used in Chapter 2 were different from
the stimuli generally used in other repetition studies, and had not yet been studied
in relation to the repetition effect. Classical studies about stimulus repetition
consistently reported the same results for gamma-oscillatory activity and MUA
(Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch, Peter et al. 2021,
Psarou, Parto-Dezfouli et al. 2025), so the study aims to assess if the classical effects
could be found for the novel set of visual stimuli used in Chapter 2.
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Abstract

Oscillatory activity in the gamma band (30-80 Hz) is a widespread and functionally
significant phenomenon known to synchronize neuronal spike timing, promoting
coincident synaptic input to downstream targets and enhancing the efficacy of
communication. The gamma rhythm was demonstrated to rhythmically modulate
the neuronal gain in response to a stimulus change, and behavioral reaction
times. This supports the Communication-through-Coherence (CTC) hypothesis,
which proposes that gamma phase gates input strength, enhancing the effective
connectivity of inputs aligned with high-gain phases. However, the absolute
phase of this gamma modulation still remains unclear, and it has also not yet
been clarified whether this phase-dependent gain modulation reflects input gain
(increased sensitivity) or output gain (scaled responses) modulation. To address
these questions, we investigated gamma-phasic modulations of visual responses
in awake macaque V1, using a fixation task. We induced sustained gamma activity
with a uniform red background, and then presented a black bar probe stimulus
at varying contrasts to evoke a multi-unit activity (MUA) response and assess the
applicable gain modulation model. Our results show that the LFP gamma phase
rhythmically modulates MUA responses, with a consistent preferred phase between
-30° and 30°. Significant modulations were observed across many frequency bands,
including the alpha, beta and gamma band and even at higher frequencies. Mid-
contrast stimuli showed stronger modulation, consistent with an input gain model.
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Introduction

Oscillatory activity in the gamma-band range (30 - 80 Hz) is a rhythmic event
widespread across many brain areas (Fries 2009, Buzsaki and Wang 2012), and
has recently been described as a network activity pattern capable of serving
as functional operational unit of local circuits. This allows the expression of
many different cognitive functions, according to the brain state and the specific
neuronal circuitry from which gamma rhythm originates (Fernandez-Ruiz, Sirota
et al. 2023). At a local circuit level, it has already been long known that gamma
activity synchronizes spike output and can thereby lead to coincident inputs at
postsynaptic neurons, which can increase the impact of the synaptic output of the
presynaptic neurones (Salinas and Sejnowski 2000, Salinas and Sejnowski 2001,
Azouz and Gray 2003, Azouz and Gray 2008). Moreover, in local circuits, gamma
also entails rhythmic synchronization of local inhibitory inputs, which is expected
to rhythmically modulate the response to excitatory input, that is, to rhythmically
modulate input gain (Fries 2009).

Experimental evidence demonstrated gamma-rhythmic gain modulation in
awake behaving non-human primate (NHP) area V4, with an experiment that
elicited gamma activation and then probed the modulatory impact of its phase
on MUA response to the change of a visual stimulus (Ni, Wunderle et al. 2016).
Specifically, a grating was presented to induce sustained spiking and gamma
activity. When the grating underwent a change in colour at an unpredictable time,
this produced synaptic inputs to V4 at random phases of the ongoing gamma.
Those gamma phases modulated the subsequent spike response to the stimulus
change. That is: gamma rhythmically modulated the gain. Intriguingly, gamma also
rhythmically modulated reaction times (RTs); and the gamma phases leading to
the shortest RTs were close to the gamma phases leading to the strongest spike
responses. This suggests that the modulation exerted by gamma phase on MUA is a
phenomenon whose consequences are not restricted to the level of local neuronal
communication, but that has a direct impact on the behavioural outcome of the
cognitive process in question. Gamma phase not only modulates neuronal gain,
but also has a functional importance.

Gamma-phasic gain modulation is a central tenet of the Communication-through-
Coherence (CTC) hypothesis (Fries 2005, Fries 2015). CTC posits that local rhythmic
neuronal activity rhythmically modulates gain, and inputs that consistently arrive
at high-gain phases will have a high input gain, whereas inputs that arrive at
random phases will have a lower input gain. Therefore, depending on the phase
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at their arrival, stimuli might benefit from an enhanced representation at a neuronal
level, and consequently an enhanced effective connectivity, and this might confer
them an advantage in progressing in the cortical processing hierarchy (Womelsdorf,
Schoffelen et al. 2007, Ni, Wunderle et al. 2016). This was hypothesized to be a
mechanism behind the selective routing of attended information in attentional
processes. Attention enhances the effective connectivity between areas V2 and V4
for the bottom-up inputs conveying the attended stimulus (Reynolds, Chelazzi et al.
1999). In addition, when two visual stimuli induce two local gamma rhythms in awake
macaque V1, and one of them is attended, then the gamma driven by this attended
stimulus, the “attended gamma’, manages to entrain and synchronize V4, whereas
the “non-attended gamma” does not. Thereby, the spikes from the attended V1 group
will arrive in V4 at consistent gamma phases (Bosman, Schoffelen et al. 2012, Grothe,
Neitzel et al. 2012). Another study showed that the phase relation at which V1 and V4
synchronize is actually optimal for leading to short reaction times as well (Rohenkohl,
Bosman et al. 2018). Finally, a most recent study proved the concept that gamma
phase synchronization is causal for effective and selective information processing
(Drebitz, Rausch et al. 2025).

One prediction stemming from these experimental evidences is that the rhythmic
gain modulation in the postsynaptic neuronal group is a rhythmic modulation of the
gain of synaptic inputs, rather than the spike outputs. These are two alternative forms
of gain modulation: Input gain, also referred to as contrast gain modulation, because
it resembles the increase of contrast in the input to the postsynaptic neuronal group;
and output gain, also referred to as response gain modulation, because it scales the
response of the postsynaptic neuronal group (Ferguson and Cardin 2020). When
neuronal responses are plotted as a function of stimulus contrast or stimulus strength,
an input-gain modulation corresponds to a leftward shift of the neuronal response
curve, such that the sensitivity of the neurons to the same stimulus is enhanced; by
contrast a response gain modulation corresponds to a scaling of the responses that is
similarly strong for all stimulus strengths, such that the strongest absolute response
increases occur for the strongest stimuli (Ferguson and Cardin 2020).

A previous study had directly tested whether selective visual attention modulates
neuronal output gain or input gain in NHP V4 (Reynolds, Pasternak et al. 2000). In
this study, bar shaped patches of black and white gratings of varying contrast were
presented, and cued so that the monkey could perform an attentional selection task.
The neuronal responses in the attend-in conditions were found to be more strongly
modulated for lower and mid-level contrast stimuli, rather than high contrast ones.
This finding is coherent with an input gain modulation model (Reynolds, Pasternak et
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al. 2000). Here, we aimed to test whether the rhythmic gain modulation generated by
local rhythmic activity was a modulation of input or output gain.

Furthermore, we aimed to test whether the phases of maximal and minimal gain were
aligned across neurons. The latter hypothesis could not be tested in (Ni, Wunderle et
al. 2016), because the gamma rhythmic gain modulation was examined in V4, and
the stimulus response latencies were long and scattered, and moreover, they were
triggered by small changes in a strong pre-existing grating stimulus.

For these reasons, here we tested the model of gamma-rhythmic gain modulation in
awake macaque V1, where response latencies are shorter, to verify the modulation
imposed by gamma-band activity onto MUA in response to the presentation
of a stimulus. We designed a visual fixation task where we used a uniform red
background to induce an ongoing strong gamma activation. We then tested the
effect of the ongoing gamma oscillatory activity with a stronger probe stimulus to
evoke the MUA response. The probe stimulus assumed the shape of a simple black
bar, to match the feature preference of the area under investigation, V1, and was
also presented in a range of contrasts in order to be able to test the type of gain
modulation (input or output).

Results

Conceptualization of the study and task design

As gamma-band activity in V1 is characteristically oscillatory, we decided to test
the influence of gamma-rhythmic phase on MUA in response to a visual stimulus
(Fig. 2.1A).To this end, we designed a passive visual fixation task as shown in Fig.2.1B.
After an initial Inter Trial Interval (ITI) of 0.7 s, the monkey was required to fixate a
central fixation dot and to keep fixation for the entire duration of the trial to obtain
a reward. After fixation was attained, a red coloured full-screen background (FSB)
was presented in 90% of the trials, to induce strong gamma activity (Shirhatti and
Ray 2018, Peter, Uran et al. 2019, Stauch, Peter et al. 2022), while the FSB was kept
grey in the remaining 10% of the trials, as a control condition. In both the red and
grey FSB condition, after 1.40 to 1.65 s had elapsed, a visual stimulus in the shape of
a small black bar was flashed on the screen for 0.2 s at a random time, inside the RF.
If fixation was maintained throughout, a reward was subsequently delivered.

The black bar presented on top of the FSB was oriented to evoke maximal MUA
responses (see Methods), and its presentation served to test the effect of gamma
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phase on the MUA response to the bar itself. For this reason, the bar was presented
at a variable time after the onset of the FSB, so that the phase of the gamma cycle
at which the stimulus would hit V1 could be random and unpredictable at each
trial. We decided to test gamma phase with a black bar stimulus, first of all to adapt
the stimulation to the preference of the area under investigation, V1, that is tuned
to simple visual features like contours and edges. In addition, we decided to use
a simple bar stimulus to remove any potential phase confound effect that could
arise from the use of a grating, a stimulus that entails a spatial frequency of its
own, and could therefore entrain the gamma rhythm, so that the phase analysis
that we intend to carry out could be biased. Fig.2.1C shows a grand average over
trials and recording sites of the LFP power in the grey and red FSB time period, over
a time window of 0.5 s before the presentation of the black bar stimulus. A clear
gamma peak is present in the red FSB condition, and a smaller peak, in a lower
gamma-frequency range is observable for the grey FSB condition. The exact peak of
gamma-band activity for the later analyses was extracted for both red and grey FSB
conditions separately per each recording site by using the fitting-oscillations-and-
one-over-f (FOOOF) method (Donoghue, Haller et al. 2020).

The black bar stimulus was presented always at full contrast in the grey FSB
condition, while it could assume 6 different contrast levels in the red FSB condition,
ranging from 5% to 100% (see Methods, and Fig.2.1B, right hand side panel for a
visual representation of how the bar stimulus appeared on the screen during the
experiment). This served us to verify if gamma phase modulated the MUA response
according to an input- or an output-gain model ((Reynolds, Pasternak et al. 2000), see
below). Fig.2.1D presents the grand-average MUA responses, averaged over recording
sites and trials, to the black bar presentation, separately for each of the contrast
conditions in the red FSB condition, and for the grey FSB condition. As expected,
among the red-FSB conditions, the MUA response grows according to stimulus
contrast. The strongest overall MUA response occurred for the grey FSB condition.

The gamma rhythm imposes an ongoing modulation on MUA

We first demonstrated that the gamma peak observed in the LFP power spectrum
(Fig.2.1C) represented in fact an oscillatory pattern of MUA. To this end, we tested
whether gamma activity modulated MUA before black bar stimulus presentation,
i.e. we checked if we could demonstrate the existence of an Ongoing Modulation
(OM) imposed by gamma on the MUA. To this end, we selected a 0.15 s time
period from the red FSB condition, right before black bar stimulus presentation
(Fig. 2.2A), and we extracted the phase at the peak gamma frequency for this time
period. Then, for each point of the phase time series, and each trial, we binned the



Gamma rhythmic gain modulation: new perspectives | 39

A Gamma rhythm Gamma Phase Visual stimulation MUA modulation

/= -

/>~ —=

B Passive Fixation Task
ITI Acquire Fixation FSB Black Bar Reward Black Bar
Contrast
10% 5%
Trials * * ‘
/ 10%
20%
40%
90%
Trials 80%
100%
D”Z;D” 0.7 0-10 1.4-165 0.2 0.38
C D
25000 — Red 304 ] E———
~ —— Grey |
L 20000 »s ] | — 10%
> < | I
= 15000 2 | 20%
5 < 287 | — 40%
= 10000 S I
o —_— 0,
a = 7 | 80%
o 50001 | — 100%
- 0 264 ! —— Grey
0 10 20 30 40 50 60 70 80 005 00 005 01 015 02

Frequency (Hz) Time (s)

Fig. 2.1. Conceptualization of the study, task paradigm and stimuli, and stimulus induced LFP power
and MUA responses. (A) Schematic illustration of the hypothesized mechanism underlying gamma-
rhythmic gain modulation. Gamma oscillatory activity originates via a characteristic sequence of
excitation and inhibition. Its phase is thought to rhythmically modulate MUA response to the
presentation of a stimulus. (B) Schematic representation of the task used to test gamma-phasic MUA
gain modulation. The upper row represents the grey condition, the lower row represents the red
condition. The side panel shows the different visual stimuli that can be presented in each trial. (C) Raw
power spectrum for the last 0.5 s of the FSB time period, before bar stimulus presentation, averaged
over trials and recording sites. (D) MUA response to stimulus presentation averaged over trials and
recording sites in the Black Bar time window, for each stimulation condition. Raw MUA is expressed,
after convolution with a Gaussian kernel (SD=12.5ms).
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corresponding MUA values into six phase bins, according to the extracted phase
values. The phase bins were defined according to the Ni, Wunderle et al. (2016)
paper, as bins containing the same number of trials, and centered respectively at
-150°, - 30°, -90°, 30°, 90°, 150° degrees. We fitted a cosine function to the average
MUA spike rate value of the six phase bins, in order to assess periodicity, and tested
the resulting amplitude against shuffled controls. Gamma significantly modulated
MUA in the FSB period (Fig.2.2B, see methods).
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Fig. 2.2. Gamma-rhythmic ongoing oscillatory modulation of MUA spike rates. (A) The green square
shows that the red condition FSB before the presentation of the black bar was the time window
selected to calculate ongoing oscillatory modulation imposed by the gamma rhythm. The gamma
modulation is calculated for the last 0.15 s of the red condition only. (B) Empirical gamma-modulated
MUA (blue dots and line), against shuffled control (orange dots and line). Goodness of cosine fit is
expressed by R* metric for the blue curve. P-value for the statistical test is reported in the figure, from a
non-parametric randomization test based on random pairing of MUA spike rate with gamma phase
bin during the red FSB period. The figure presents one exemplary recording session. Each of the dots
represents the average MUA firing rate over trials, for each phase bin. (C) Evolution of the gamma-
phasic modulatory effect on MUA over time, averaged over all trials and recording sites, for each phase
bin. (D) Evolution of the gamma-phasic modulatory effect on MUA over time, averaged over all trials,
and recording sites.
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The FSB time window is long, ranging from 1.4 to 1.65 s, and despite the fact that
LFP gamma activity evoked by the red FSB stayed strong and consistent throughout
the whole time window before the presentation of the black bar (Suppl. Fig. 2.2B),
we reasoned that there could be a decay in the strength of the OM imposed by
gamma on the MUA during the course of time. Therefore, we assessed the behavior
of the OM across the time windows preceding the black bar appearance. Fig.2.2C,
and Fig. 2.2D show the decay of OM modulation strength on MUA, as a function of
time relative to black-bar onset. These results informed some of the considerations
for the following analyses (see below, estimation of sTP).

Gamma rhythm: Additive or Multiplicative Modulation?

A schematic overview

We draw here a schematic overview of the reasoning behind our following analysis.
The rationale follows closely the one described in Ni, Wunderle et al. (2016).

We have demonstrated the existence of an OM imposed by gamma on the MUA
before stimulus presentation. When the system is presented with the black bar
stimulus at a random phase of the FSB-induced gamma, the response could be
such that it can be described in terms of an Additive Modulation (AM, Fig. 2.3A), or a
Multiplicative Modulation (MM, Fig. 2.3B). In case of an AM, the MUA response elicited
by the black bar corresponds to a constant response (Fig.2.3A, lower panel), simply
riding on top of the OM that is imposed by gamma. The constant response adds up -
from which the name of this modulation - onto phases of higher or lower excitability
of the ongoing modulated MUA (Fig.2.3A upper panel). On the other hand, what we
aim to find evidence for, if possible, is that the modulation imposed by gamma on the
MUA is not as trivial as an AM, but instead corresponds to an actual modulation of
the MUA response, an MM, that goes beyond an AM as an emergent property of the
system (Fig.2.3B). This means that the MUA response to the black bar is not merely
a constant response riding on phases of lower or higher excitability, but rather that
the response itself is actually modulated, becoming higher or lower according to the
incremental or detrimental phase of the gamma cycle.

If the MM is to be found in our data, this can be demonstrated beyond any
doubt by subtracting from the empirically recorded data an estimate of the AM,
calculated by adding a constant MUA response to a visual stimulus (an average of
the MUA response to the black bar across trials) on top of the OM activity. If there
is a remaining component after this operation, this demonstrates that the MUA
response is actually modulated multiplicatively (Fig.2.3C).
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A Additive Modulation
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Fig. 2.3. Schematic illustration of Additive and Multiplicative modulation components of the signal, and
schematic overview of the analysis rationale to extract Multiplicative modulation component from
empirical data. (A) Additive Modulation: a constant MUA response to a visual stimulus rides on top of, i.e.,
is added onto the ongoing modulation imposed by the gamma rhythm. The constant response to the
black bar stimulus (bottom panel of the image) will summate on top of phases of lower (blue arrow) or
higher (orange arrow) excitability of the gamma rhythm (top panel of the image). The top and bottom
panels on the left of the image present a schematic of the time period of reference, FSB or Black Bar time
windows. (B) Multiplicative modulation: phases of higher or lower excitability of the gamma rhythm
modulate the MUA response to a visual stimulus, increasing or dampening the neuronal response.
Stimuli reaching the brain at phases of lower excitability of the gamma cycle (top panel, blue arrow)
correspond to lower MUA responses to the black bar stimulus (bottom panel, blue trace). Stimuli that are,
instead, reaching the brain at phases of higher excitability of the gamma cycle (top panel, orange arrow),
correspond to higher MUA responses to the black bar stimulus (bottom panel, orange trace). Left-side
top and bottom panels of the figure as explained before in A. (C) From the empirical data (left side panel)
we subtract an estimate of the additive modulation (central panel) to find the multiplicative modulation
(right panel). The estimate of the additive modulation is calculated by mathematically adding a constant
MUA response, as the average over all trials belonging to the same condition, onto the ongoing
modulated MUA response per each phase bin.

The gamma rhythm imposes a multiplicative modulation on the
MUA response

To assess what kind of influence the phase of gamma oscillation had on the MUA
(AM or MM), we first extracted the exact time point (TP) of input arrival in V1, i.e.,
the time sample at which the ERP response began in the LFP trace (Fig.2.4A). We
estimated phases at gamma peak frequency for each trial and recording site at
TP with a custom phase extraction algorithm based on Patel, Psarou et al. (2024)
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(see methods), and we grouped the trials into 6 non-overlapping phase bins
(Fig.2.4C), according to phase value, as explained above. We then grouped
corresponding MUA responses into the respective bins, and averaged over trials to
obtain one empirical MUA response value per each phase bin (Fig.2.4D, blue trace,
and see methods for MUA trace averaging procedure details). To obtain an estimate
of the AM, we repeated the phase extraction at gamma peak frequency, but this
time not at TP, but defining a surrogate time point (sTP), 0.15 s before presentation
of the black bar stimulus (Fig. 2.4B). sTP was located at — 0.15 s, because this
allowed to calculate the AM for the duration of a typical MUA response to the bar,
but also close enough in time to the MUA response to have a good estimate of
the OM, which was shown to decrease in time (Fig.2.2C, D), so that we would not
overestimate this modulatory component. Once again, we binned phases in 6 bins,
grouped corresponding MUA responses into the respective bins, and averaged over
trials to obtain the estimate of the OM (see Fig.2.3C and methods as a reference).
To this estimate, we added the estimate of the Constant Response (CR) to black bar
stimulus presentation to obtain our estimate of AM (Fig.2.4D, red trace), for each
phase bin. We proceeded to subtract the estimate of AM from the Empirical MUA
response, in order to define the MM component in our data (Fig.2.4E). We quantified
the periodicity of the MM by fitting a cosine function, and repeated the procedure
for each recording site and contrast condition (Fig. 2.5B).

In order to statistically test the MM, we extracted the amplitude of the cosine
modulation for each recording site, the Modulation Depth (MD, Fig. 2.4E), and
tested it across the whole frequency spectrum from 4 to 80 Hz, against the Bias
Estimate, a metric that estimated the positive bias inherent to the cosine fitting
procedure without pre-determined phase (Fig. 2.5A, see Methods). Fig. 2.5A shows
the MD and Bias Estimate spectra across frequencies per each contrast level, and
presents the significant frequencies. We find that the MM is significant in the lower
frequency range, corresponding to alpha-beta band, for all contrast conditions,
while significance in the gamma range and high gamma range can be found for
20%, 40% and 80% contrast levels. The grey condition MM appears to be significant
throughout the whole frequency spectrum. The statistics was ran per each
recording session, given that the recording channels on the electrode were spaced
by only 50 um, so we could assume that the signal picked up by each recording
site during one session was highly correlated, and therefore we averaged over
recording sites within each session. The statistics for each recording site as a unit of
testing is presented in the supplementary material (Suppl. Fig. 2.3). After averaging
across recording sites, we found that the absolute gamma phase leading to the
strongest MM was between -30° and 30°, for all contrast conditions (Fig. 2.5B).
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Since the strength of the lower frequency component in the power spectrum could
have biased our phase estimation algorithm, and our results for the MD and bias
estimate spectra, and also for the absolute phase estimation, we decided to repeat
the analysis with pre-whitened data (Suppl. Fig. 2.4 A, B). The results were generally
confirmed, even after pre-whitening of the data (Suppl. Fig. 2.4, C, D).
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Fig. 2.4. Finding the multiplicative modulation in the empirical data. (A) The time point of input arrival
in V1 (TP) is estimated by calculating the velocity of change of the event-related potential (ERP) and
taking the first time sample for which the velocity of change surpasses 1.5 times the SD of the signal,
after stimulus presentation. TP is used as the time marker where to perform phase extraction to
organize the trials in phase bins. The figure presents one exemplary recording site. (B) The time point
for phase extraction to estimate the additive component is defined as surrogate TP (sTP) and fixed at
-0.15 s from the time of black-bar presentation on the screen. (C) Phase binning. Trials were binned
into 6 non-overlapping phase bins, respectively centered at -150°, -90°, -30°, 30°, 90°, 150° degrees.
(D) Empirical and additive MUA activity. Each dot in the figure represents the average over trials of
MUA responses per each phase bin; the figure presents results for one exemplary recording session.
(E) Multiplicative modulation extracted after subtraction of the additive modulation from the empirical
signal. A cosine function is fitted to the data points to quantify the size of the modulation. The
figure presents one exemplary recording session.
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Fig. 2.5. Multiplicative modulation and statistical testing Method 1. (A) Statistical testing. Blue lines
present the spectrum of the amplitude of the cosine modulation, Modulation Depth (MD), red lines
present the spectrum of the Bias Estimate. Black dots represent frequencies for which the difference
between the 2 is significant. The statistics is run considering one recording session as a unit of
observation. (B) Multiplicative MUA modulation and fitted cosine function for each contrast level of
the black bar visual stimulus. The results present the grand average over all recording sites. The lateral
bar on the right-hand side indicates color condition of the FSB and contrast condition of the black-
bar stimulus.
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Finding the Multiplicative Modulation: an alternative method

We decided to assess the MM effect of gamma oscillation phase also with another
method, alternative to the one described in (Ni, Wunderle et al. 2016) and presented
above, to estimate the AM. For this second method, we took again the sTP, but
estimated phases at the peak of gamma band, not only for the precise sTP time
sample, but for the 0.15 s window of samples preceding the sTP (Fig. 2.6A). The AM
was calculated for each of these time samples by taking a 0.15 s window after the
time sample considered for each iteration. In this procedure, we made sure to not
cross the threshold of the time 0, when the black bar was presented. Once the phase
was extracted for each time sample, trial and recording site, we binned the phase
values into 6 bins (Fig. 2.6B, C), and grouped corresponding MUA responses into the
respective bins. With this procedure we expanded the data points at our disposal to
calculate the OM before the presentation of the black bar. This resulted in an overall
stronger OM component, because the amount of data points at our disposal for the
average was higher, and therefore stronger overall AM once we added the estimate
of the constant MUA response to the black bar. This method achieved a slightly
overestimated AM, so that we could prove with more certainty the existence of an
MM in our data. Once we obtained the new estimate of AM for each phase bin, we
proceeded to subtract it from the Empirical data to find the new MM. We repeated
the same statistical testing procedure described above to test the frequency
specificity of MM effect, based on MD metric. We found that alpha-beta frequencies
were again statistically significant for all contrasts tested. Contrasts from 20% to
100% and the grey condition showed a significant modulation for the gamma band
and higher gamma band (Fig. 2.7A). Again, we tested the periodicity of the MM by
fitting a cosine function to the data points we extracted per each phase bin, and
repeated the procedure for each recording site and contrast condition (Fig. 2.7B).
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Fig. 2.6. Graphic representation of Method 2 to find the additive component of the signal. (A) Each time
sample of a 0.15 s time window is associated with their respective phase value. Additive modulation is
calculated considering a surrogate MUA response of 0.15 s after the time sample under consideration.
(B) Phase values for each time sample are binned into 6 phase bins. The same procedure is repeated for
each trial and each recording site separately. MUA surrogate ERP values associated with the same phase
bin value will be later averaged to find the additive component. (C) Same as panel Cin Fig. 2.4.
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This demonstrated again that the absolute gamma phase leading to the strongest
MM was between -30° and 30°, for all contrast conditions (Fig. 2.7B), after averaging

over all recording

sites.
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Fig. 2.7. Multiplicative modulation and statistical testing for Method 2. (A) Same as in Fig. 2.5, panel A.
(B) Same as in Fig. 2.5, panel B. The lateral bar on the right-hand side indicates color condition of the
FSB and contrast condition of the black-bar stimulus.
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The gamma rhythm modulates MUA responses according to

a quasi-input gain model

We investigated if the modulation imposed by gamma phases on the MUA response
corresponded to an input-gain or an output-gain model (Reynolds, Pasternak et al.
2000) by plotting the grand average MD as a function of black-bar contrast. The
highest modulation was found for the 40% contrast level (Fig. 2.8A). This evidence
is most consistent with an input-gain model for the gamma-rhythmic modulation
of MUA responses, because the biggest MM was found for a mid-level contrast.
However, the pattern of contrast-dependent MM showed additional features, like
increases for the lowest and highest contrast, that were not fully in line with a pure
input-gain model (Reynolds, Pasternak et al. 2000), and further research is required
to arrive at a firm conclusion in this regard.
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Fig. 2.8. Dependence of gamma-phasic modulation of MUA neuronal responses to visual stimulus
presentation as a function of black-bar contrast. (A) Grand average MD value over all recording sites.
The highest MD value is at 40% contrast, consistent with an input gain model type of modulatory effect.

Discussion

Summary

We find that gamma rhythmically modulates the MUA response to a simple visual
stimulus, and that the absolute gamma phase leading to the strongest response
lies between -30° and 30°. This oscillatory modulation could not be demonstrated
to be specific for gamma-band activity, but rather we found a broader significance
for the effect across the alpha-beta, gamma, and high gamma range, depending on
the contrast condition. The model according to which the modulation is exerted
by the gamma band could not be defined with certainty, as to be pertaining to
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an input or an output gain one, but we found a higher modulation for mid-level
contrast stimuli, pointing in the direction of an input gain model.

Limitations of the study

The current study tried to address questions about gamma-phasic gain modulation.
Some of the features of the paradigm used to this end, can be interpreted
as limitations, and might need to be revisited in the future to gain a clearer
understanding of the phenomena under examination. The stimuli used in the
task, for example, were specifically tailored to elicit a very strong gamma rhythmic
activation, particularly the red colored FSB, and its combination with a probing
black bar stimulus. This kind of stimulus is different from the stimuli used in the
body of literature of vision related studies, that generally implies gratings, or other
simple stimuli on neutral colored backgrounds (Womelsdorf, Schoffelen et al. 2007,
Grothe, Neitzel et al. 2012, Ni, Wunderle et al. 2016, Grothe, Rotermund et al. 2018),
so it might be difficult to put our results in relation to previous ones. Moreover,
the stimuli used here are not natural, and therefore do not allow us to generalize
our findings to a naturalistic vision processes. In order to make claims about the
functioning of V1 and the role of gamma oscillatory activity it will be necessary
to address the same questions in the context of more physiological experimental
paradigms. Additionally, still concerning the nature of the stimuli used here, the
fact that we are addressing our research questions using colored stimuli poses
some challenges to the interpretation of our results, since color is a stimulus feature
still poorly investigated and understood in the context of visual processing. Lastly,
our task design involved the use of a colored noise mask in the ITI. This was set up
in order to reduce as much as possible the adaptation effects potentially stemming
from the repeated and prolonged usage of a FSB of red color. The colored ITI might
have had effects on the data that we could not account for with precision, also
due to the fact that the monkey was not required to maintain fixation during this
time interval.

Comparison to the Ni study

The findings of the current study summarised above overlap in part with the ones
of Ni, Wunderle et al. (2016). The 2016 study also found significant modulatory
effects on the MUA gain for both the gamma and the lower alpha-beta frequencies,
as highlighted in the current study by both methods implied to investigate the
existence of an MM. In the case of the 2016 study though, the specificity of gamma
band activity was more consistently proven by the clearer peaks around the gamma
band in the MD spectra, and also by the fact that the effect was specific for the
gamma band for what concerned behavioural performance. Our findings might
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differ from what was previously reported for several different reasons. Not only the
area under investigation is different, we are addressing V1, rather than V4, but also
the paradigm differs significantly for the stimuli used.

Specifically, Ni, Wunderle et al. (2016) triggered gamma oscillation and tested the
impact of its phase with the same stimulus. A grating appeared on the screen and
induced the gamma rhythm, and then its colour changed to test the MUA response
in relation to it. In the case of the current study instead, two stimuli are used: a
red FSB to induce gamma, and a small black bar appearing on top of the FSB to
test the MUA response according to gamma phase. This might create differences
in the visual processing stream followed by the stimuli and in the neuronal activity
outcomes, because the two visual objects pertaining to the stimulation might
entertain complex interactions. For example, the black bar stimulus overlapping
onto the coloured background poses the challenge of foreground figure-
background segregation (Lamme 1995, Roelfsema 2006), and this process may
co-occur with the gain modulation effect.

One piece of information added by the current study to the results already reported
in 2016, refers to the interpretation of the absolute gamma phase of MUA gain
modulation. We could demonstrate that the preferred gamma phase for MUA
gain modulation lies between -30° and 30°, when we estimated the periodicity of
the modulation on the grand average MM of MUA across all recording sites and
sessions. This result was confirmed by both methods used to estimate the AM, and
consequently calculate the MM.

The phase modulation model

CTC (Fries 2005, Fries 2015) postulates that gamma rhythmic activity is capable of
organizing spikes so that they will be restricted and synchronized to specific time
windows, increasing the precision and impact of the spiking output. In addition,
gamma-band activity is also capable of rhythmically modulate input to the local
circuit engaged in gamma activity in accordance to its phase (Fries 2009, Fries
2015). Accordingly, input gain modulation can be theoretically predicted as the
preferential mechanism for gain modulation in the context of a gamma modulated
local network. According to our results, input gain modulation could not be
unequivocally demonstrated.

One reason for these mixed effects that we reported might be found in the results
described in (Wunderle 2015). This study tried to determine the role of lateral input
to a local network in determining which specific kind of gain modulation, input or
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output gain, this network will engage in. The study showed that the final outcome of
the modulation model via lateral connections to a local network, actually depends
on a broader set of direct and indirect connections with higher levels of the cortical
hierarchy, up until the callosal tracts between hemispheres. Ultimately, the status
of the extended network the local network is connected with determines the
modulation model, and this can correspond to a mixed modulation model as well.
It is possible that in the case of our experiment, the presence of a red FSB, being
so large and prominent, might have triggered feedback inputs from higher cortical
areas, like V4, and this might have influenced the final outcome of the modulation.

Low frequency components significant peaks in MD

One aspect of our findings concerns the results obtained when testing the
specificity of the modulation effect. Gamma could not be demonstrated to be
the only frequency responsible for this modulation. Rather, it was interesting to
notice how the MD spectra presented clear peaks in the lower alpha-beta band
for almost all contrast levels tested, and also for the grey condition. This result
was investigated further by performing a pre-whitening of our data, since we
hypothesized that the strong low-frequency component could have biased our
phase estimation algorithm, and the final result. The results for the pre-whitened
data, where the low frequency component is removed, are shown in Suppl. Fig. 2.4.
We noticed that the results stayed consistent with the ones obtained with the raw
data. We had therefore to pose the question of why this could possibly be.

One hypothesis to explain this phenomenon is that figure-background segregation
processes might be activated as soon as the black bar appears on the screen,
given that the black bar test stimulus can be interpreted as a foreground stimulus
on top of the red FSB background. Evidence of segmentation and figure-ground
organization in early visual areas were found in many studies on NHP (Lamme
1995, Self, van Kerkoerle et al. 2013, Poort, Self et al. 2016). These processes are
implemented via an early figure enhancement and a later background suppression
enacted by the many feedforward, feedback and lateral connections to V1
(Self, van Kerkoerle et al. 2013, Poort, Self et al. 2016). The feedback and lateral
connections through which figure-background segregation processes are exerted,
might interfere with or inhibit those inhibitory mechanisms that trigger gamma
oscillatory activity, reducing the impact of the modulation imposed by gamma in
time (see Fig. 2.2C,D), and also in the general impact that the frequency band has
on the modulation compared to other frequency bands.
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Interestingly, additional evidence coming from experiments in rodents, might
reinforce this speculation that inhibition of the inhibitory mechanisms influences
gamma band activity impact on the neuronal gain. In mice, it was demonstrated
that those interneurons involved in the generation of the gamma rhythm in the
visual areas, the SST interneurons, are modulated by other inhibitory neurons, of
the VIP kind. These VIP interneurons are driven together with the SST generating the
gamma rhythm by the presentation of a visual stimulus, and they are particularly
strongly responsive to low contrast and small stimuli. These neurons were proven
to locally linearly scale gamma power by suppressing it, and also to reduce global
gamma coherence (Veit, Handy et al. 2023). In the case of our experiment, the
connection of the local gamma-generating network with speculative modulatory
interneurons of the kind described in the abovementioned study, might have
contributed to reduce the impact of gamma band modulatory activity. This might
be especially true for the lower contrast conditions of the black bar stimulus that
we presented, for which the MD spectrum showed the clearest peaks in the lower
alpha-beta band, and not in the gamma one. In support of this claim, some studies
describing the connectivity pattern and interneuron types in the cortex of NHP
allow to speculate that the function of VIP interneurons found in primates could
be consistent with a disinhibitory mechanism such as the one described in rodents
in the abovementioned study. (Defelipe, Gonzélez-Albo et al. 1999, Callaway 2004,
Glatigny, Geffroy et al. 2024).

Alpha and beta frequency bands have anyways been previously described as taking
part to visual information processing between V1 and V4. Specifically, while gamma
has been traditionally labelled as the carrier of feedforward information in the visual
processing stream, frequencies in the alpha-beta range have been demonstrated
to be the preferential frequency channels for feedback information, in monkeys
and humans (van Kerkoerle, Self et al. 2014, Bastos, Vezoli et al. 2015, Michalareas,
Vezoli et al. 2016). In the current study, the nature of the visual stimuli presented
to the monkey (i.e. the salient FSB red stimulation and the superposition of the
black bar on it, activating foreground-background segregation processes) may
inherently trigger a strong activation of the feedback connections to area V1, thus a
consistent flow of information travelling backwards from higher visual areas. Given
that oscillatory activity in the alpha-beta range preferentially covers the feedback-
carrier role, this might be particularly well represented in the MD spectrum.

Additionally, besides the feedback propagation just mentioned, alpha band has also
been described as to originate by generators present in vision-specialised areas of
the thalamus, and inhibit information flow to visual areas in a feedforward manner
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according to its phase. The relay stations of the thalamus sending connections to
visual area V1 were indeed shown to modulate the incoming of sensory information
in humans (Dou, Morrow et al. 2022). For these reasons, it is not unlikely that alpha
frequency range covered a role of importance in the modulation of neuronal gain in
our task, partially masking or reducing the modulatory effect imposed by gamma.
Beta activity, on the other hand, was also recently proposed to be involved directly
in the visual processes by serving the role of preferential frequency channel for the
magnocellular-dorsal pathway, processing information about the ‘where’ of a visual
scene. (Di Dona and Ronconi 2023). According to this study, the role of beta would
be especially relevant in all of those circumstances where spatial segregation of
elements of a visual scene is necessary, because they provide the spatial framework
for the object-segregation and recognition process. Because the task we presented
to the monkeys involves such segregation process, these pieces of evidence taken
together could add another explanation to why the beta frequency range is so well
represented in our MD spectra.

Future perspective

In summary, while the current study adds information on the absolute phase
of gamma-rhythmic gain modulation, it still leaves open questions as for what
concerns the interpretation of the gamma gain modulation model, and also
specific questions about the role of lower frequency bands like alpha and beta
in the modulation of the neuronal gain. Gamma gain modulation was, anyways,
demonstrated again, even though the specificity of the effect could not be stated.
Future experiments using more naturalistic stimuli should further clarify the
open questions in order to make it possible to expand the knowledge of gamma
mechanisms in context of the physiological functioning of the brain.
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Supplementary Material

Supplementary Figures
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Suppl. Fig. 2.1. Ongoing modulation imposed by gamma oscillatory activity in the FSB time period for
all recording sessions. (A) Each panel of the figure presents the same plot as in Fig. 2.2B. Each panel of
this figure shows pre-stimulus gamma modulation on the MUA spike rates for one recording session,

averaging over all the recording sites belonging to the recording session.
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Suppl. Fig. 2.2. Time resolved power spectra. (A) Raw power spectrum for the red condition, across
the FSB time window and the Probe time window. (B) Power spectrum for the red condition across FSB
and Probe time windows, expressed as percent change relative to the baseline. The last 0.2 s of the
corresponding FSB time window of the gray condition were used as baseline, and power is expressed
as percentage change to it.
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Suppl. Fig. 2.4. Multiplicative modulation and statistical testing for pre-whitened data. (A) Power
spectral density spectrum of the original LFP signal for one exemplary recording session. (B) Power
spectral density spectrum of the pre-whitened LFP signal for one exemplary recording session (C) Same
asin Fig. 2.5, panel A. (D) Same as in Fig. 2.5, panel B. (E) Same as in Fig. 2.5, panel C. The lateral bar on the
right-hand side indicates color condition of the FSB and contrast condition of the black-bar stimulus.
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Materials and Methods

Surgical procedures

All experimental procedures involving non-human primates (NHPs) were
conducted in accordance with German and European ethical regulations governing
the protection of animals. The research project was reviewed and approved by the
German regional authority, the Regierungsprasidium Darmstadst.

One adult male rhesus macaque (Macaca mulatta), 20 years old and weighing
13 kg, was used in this study. The use of a single monkey instead of the more
common two to three monkeys has been motivated in a previous publication and
a recent preprint (Fries and Maris 2022, Psarou, Katsanevaki et al. 2024). All surgical
procedures on the experimental animal were performed under general anesthesia,
and appropriate postoperative care—including administration of analgesics and
antibiotics—was provided to ensure animal welfare.

Head-post implantation was performed using a two-step procedure as detailed in
Psarou, Vezoli et al. (2023). Following this, a custom-designed modular titanium
recording chamber for acute recordings was implanted. The chamber was
positioned on the skull over the occipital region of the left brain hemisphere,
targeting the cortical area corresponding to primary visual cortex (V1).

Visual Stimulation

An LG 32GK850G-B monitor (LG Electronics Inc., Seoul, South Korea) was used to
display the visual stimuli, and gamma correction was applied for all tasks (gamma:
1.57). The eyes of the monkey were 83.5 cm from the screen. The exact timing of
black-bar stimulus presentation was captured by a custom-built photodiode signal
elicited by the presentation of a small square stimulus, simultaneous to the black
bar, and hidden from the monkey’s view in the upper-left corner of the monitor.

Receptive field (RF) estimation

The position and orientation preference of the RF were determined by first identifying
all electrode contacts on the laminar probe sitting in the cortical tissue, as detailed
in the following section, and then averaging across the neuronal responses of
those selected channels. The spacing between electrode contacts was only 50 um.
Therefore RF positions and orientation preferences were expected to be consistent
across simultaneously recorded contacts.
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RF position was assessed at the start of each recording session, using the Fiorani,
Azzi et al. (2014) back-projection method. In each trial of a fixation task where the
monkey was required to maintain fixation on a central fixation point, a moving bar
scanned the entire monitor in one of eight possible directions. The moving bar
travelled at a speed of 8 deg/s and measured 0.1 dva in width. A total of 80 correct
trials were collected, with ten successful trials per movement direction.

To determine the RF position, MUA-based spike density functions were accumulated
over time, generating a spatial response map that identified the RF location. This
process included correcting for response latency to maximise the back-projection
response. MUA responses were then smoothed using a Gaussian function for each
movement direction, the 10th and 90th percentiles were then selected, and an
ellipse was fitted to thosedata points, in order to identify the MUA-response based
RF position.

Orientation tuning task

RF’s orientation preference was determined using a dedicated orientation tuning
task. In each trial, a bar measuring 0.1 dva in width and 0.3 dva in length was
displayed at the RF location in one of six possible orientations, while the monkey
maintained fixation on the central fixation spot. A trial was deemed successful if
fixation was sustained throughout. A total of 60 correct trials were collected, with
ten successful trials for each orientation. The preferred orientation was identified
by comparing the MUA response amplitude across the six orientations (or the LFP
response if the MUA signal was weak) and selecting the orientation that elicited
the highest MUA response. During the task the colour of the background was
maintained grey [128,128,128], and the bar colour was black.

Behavioral task

All training and recording sessions were performed, in a fully shielded recording
booth with dim lighting, while the monkey performed the task sitting in a primate
chair. For electrophysiological recordings the head of the monkey was fixated. The
behavioural task was designed using a custom-built software developed in-house
using MATLAB, ARCADE (Dowdall, Schmiedt et al. 2018),.

The monkey was trained to perform a fixation task, in which every trial started
after the monkey acquired fixation on a central black dot (0.3 dva in diameter)
displayed at the centre of a grey screen. Fixation had to be maintained within a
0.5 dva tolerance radius around the fixation dot. If the monkey maintained fixation
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for the entire trial duration (ranging from 1600 to 1850 ms), the trial was considered
successfully completed, and the monkey was rewarded with grape juice.

Each trial involved the presentation of a sequence of visual stimuli on the monitor. Trials
began by displaying a grey full-screen background (RGB coordinates [128, 128, 128])
and the central fixation dot. The monkey had a maximum of 10 seconds to acquire
fixation, though fixation was usually attained much sooner.

Once fixation was established, a full-screen coloured background (FSCB) appeared. In
90% of the trials (red-condition), the FSCB was red (RGB coordinates [255, 0, 0]), while
in the remaining 10% (grey-condition), the background remained the same grey as
the initial screen. The grey-condition served as a control condition for comparison
with the red-condition. The FSCB segment lasted 1.4s, plus a randomly jittered time
ranging from 0 to 0.25s before proceeding to the next segment of the trial.

Following the FSCB period, the coloured background (red or grey) remained
on-screen, and a black-bar stimulus was presented in correspondence to the
previously identified RF for 0.2s. The black bar measured 0.3 dva in length and
0.1 dva in thickness, and it was oriented according to the recorded neurons'
preferred orientation. In the red condition, the black bar appeared at six different
contrast levels (detailed below), whereas in the grey condition, it was always
displayed at full contrast. After the bar disappeared, a waiting period of 0.1s
elapsed before the monkey could receive a reward. If the monkey broke fixation at
any point, the trial was immediately terminated, and no reward was given.

During the inter-trial interval (ITl) of 0.7s, a colourful noise mask was displayed on
the screen. This mask consisted of rectangles with side lengths varying from 0.1 to
0.5 dva in 0.01 dva increments, each assigned a randomly selected colour from the
full range of RGB coordinates. The purpose of this noise mask was to counteract
potential colour adaptation effects.

Color contrast and normalized color space

The black bar stimulus was displayed at six contrast levels during the red FSB
condition: 5%, 10%, 20%, 40%, 80%, 100%. Contrast was determined using the Weber
contrast formula:

I —1Ib
Ib
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where [ represents the luminance of the stimulus, and /, represents the luminance
of the background. To ensure appropriate contrast levels, the colour coordinates
for both the red background and the black-bar stimulus were selected from the
standardized CIELAB colour space (Gravesen 2015) and then converted into
RGB coordinates.

Eye position

Eye position was recorded using the Eyelink 1000 system (Eyelink Inc., SR Research,
Ottawa, Canada), at a sampling rate of 1000 Hz. Calibration was performed on the
left eye at the start of each recording session, and the signal from the left eye was
subsequently recorded.

Recordings

During each recording session, a single laminar probe was inserted into the cortical
tissue through the intact dura. These laminar probes consisted of 16 recording
contacts arranged in a single column, with a spacing of 50 microns (linear V-probes
from Plexon Inc., Dallas, Texas, USA). The probe was introduced using a guide tube
that rested on the dura, which served as the ground during recordings, while the
probe’s shank acted as the reference. Recordings were conducted inside a fully
shielded booth functioning as a Faraday cage, effectively preventing line noise
interference with the electrophysiological signals. As a result, no additional line-
noise removal was required or performed.

Electrophysiological data were collected using systems from Tucker Davis Techno-
logies (TDT, Alachua, Florida, USA). The raw signals were recorded and digitized at a
sampling rate of 24.4140625 kHz using a TDT PZ2 pre-amplifier.

Data Analysis

The analysis presented here was in large part aiming to reproduce as closely as
possible the methods used in Ni, Wunderle et al. (2016), therefore the following
descriptions will contain pieces of text that are copies or close to literal copies of
Ni, Wunderle et al. (2016), while avoiding the placement of those sentence parts in
quotes, which would have impoverished readability.

Analyses were performed in MATLAB, using the FieldTrip toolbox (Oostenveld, Fries
etal.2011), and in Python with custom algorithms. All the analyses were conducted
per each recording session or per each recording site separately (one recording site
corresponds to one recorded valid channel, see below), as detailed in the main text,
and per each contrast separately.
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Preprocessing

The raw data were downsampled to 1000 Hz. For the LFP, preprocessing involved
upsampling to 3,125,000 Hz, followed by downsampling to 25,000 Hz. The signal
was then filtered using an IR filter with a stop-band at 500 Hz before being further
downsampled to 1000 Hz. For the MUA, preprocessing included upsampling to
3,125,000 Hz, applying a band-pass filter between 300 and 12,000 Hz, rectifying
the signal, filtering with a stop-band at 500 Hz (IIR filter), and finally downsampling
to 1000 Hz.

Recording site selection

In each recording session, one laminar probe was used for one penetration into
the brain tissue. The probe was positioned based on real-time visual inspection of
neuronal signals and their overall responsiveness to visual stimuli, ensuring that
most recording sites exhibited strong MUA and LFP responses. However, some sites
did not display clear RFs. These sites were identified through visual inspection and
excluded from further analysis.

MUA responses

In order to obtain spike densities, MUA was smoothed with a Gaussian kernel, with
a standard deviation (SD) of 12.5ms, truncated at +/-2 SD. In order to obtain MUA
values for the empirical data and AM, MUA spike rates were first averaged over
trials belonging to the same contrast condition, and then over time, by selecting
a 10 ms window centered around the maximum peak of the MUA response to the
black bar. For those contrast conditions where the MUA response to the black bar
was very low, like 5% contrast, and a clear maximum peak could not be identified,
we calculated an estimate of the peak time point for each recording site by first
averaging over trials belonging to all contrast condition taken together, and then
again finding the MUA peak response as the maximum value of the MUA response
to the black bar. With this procedure we could estimate a confidence interval to
evaluate the goodness of the estimate of the MUA peak for all channels and
contrast conditions, by using the Full Width Half Maximum (FWHM) duration of the
MUA response to the black bar per each channel, when averaged over all contrast
conditions. The FWHM initial and final time samples defined a range of time points
were it was most plausible to find the actual peak of MUA response to the black
bar. If the peak time point calculated per recording site and contrast condition fell
in the range it was automatically accepted, otherwise we would take the peak time
point of the average across contrast conditions for that specific recording site.
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Gamma peak frequency estimation

In order to extract the gamma peak frequency, a time window of 0.5s end-aligned
to the black-bar stimulus presentation was selected, Hann-tapered, zero-padded
to 1s, and Fourier transformed using Pyhton SciPy fast-Fourier transform function
package. The spectra obtained with this procedure were then analyzed with FOOOF
(Gerster, Waterstraat et al. 2022), in order to extract gamma peak frequency for each
recording site. The frequency peak was ranging between 42 Hz and 46 Hz for the red
condition, and 37 to 39 Hz for the grey condition, according to the recording site.

Precise timing of stimulus arrival in V1

In order to verify the effect of gamma phase modulation on MUA responses, it
was necessary to extract phase at the estimated time of input arrival in V1 (TP).
The estimation of this critical time point was performed per each recording site
separately. For each channel, the ERP was calculated and z-scored over time points.
Then, the absolute value of its first derivative was taken as the velocity of slope
change. A threshold was set at 1.5 times the ERP signal’s SD, and the critical time
point was defined as the first time sample after black-bar stimulus presentation for
which a threshold crossing could be detected.

Input-time phase extraction method

Once the precise time point of stimulus arrival in V1 was identified, we faced the
challenge to estimate the spectral phases of the LFP at that critical time point,
immediately preceding the ERP response to the stimulus. In our specific case, we
needed to make sure that the spectral phase would be extracted from the LFP trace
as close as possible to the ERP, but excluding any potential influence from the ERP
itself. To address this problem, we used the phase estimation method presented
in Patel, Psarou et al. (2024). This method is an expansion and improvement of the
phase extraction procedure described in Ni, Wunderle et al. (2016), and in brief,
aims at solving the edge issue by generating data after the edge limit by making
use of an autoregressive model.

Data whitening

The auto-regressive phase estimation method could be inherently biased by
power in the lower frequencies of the spectrum. In order to account for a potential
distortion in our results caused by this phenomenon, we decided to repeat the
phase estimation procedure with the same method (Patel, Psarou et al. 2024) with
LFP data previously whitened. For each trial and each channel, an autoregressive
model of order 1 (AR-1) was fitted using ordinary least squares (OLS) regression.
The AR-1 coefficient (phi) quantified how much of the current signal value can be
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predicted by its immediately preceding value. Once this coefficient was estimated,
the signal was transformed by subtracting the lag-1 prediction (i.e.) from each time
point, effectively removing the linear dependency on the previous sample.

The results using phase values extracted from pre-whitened data did not differ
substantially from the results obtained using the original data (Suppl. Fig. 2.5),
therefore we decided to present the latter in the main text.

Ongoing modulation of MUA by gamma rhythm

In order to calculate the ongoing modulation imposed by the gamma rhythm on
the MUA during the full-screen red stimulus presentation, before the appearance
of the black bar, we selected for each trial a time window of 0.150s immediately
preceding the stimulus presentation (not the onset of the neuronal response),
and we performed time resolved spectral analysis on it, by using the filter-Hilbert
method. The filtering procedure was optimized for the analysis for the gamma
frequency, by using the gamma frequency peaks previously extracted. We extracted
the phase values for each of the 150 original time samples, we binned those values
in 6 phase bins centered respectively at -150, -90, -30, 30, 90, 150 degrees, and
then we averaged accordingly the correspondent MUA values for each of the time
points. We later averaged MUA value for corresponding bins over trials, to obtain
one MUA value per each of the phase bins. The obtained data points were then
fitted with a cosine function to show the periodic modulatory effect. The R? value of
the fit was obtained to evaluate the goodness of the fitting. The goodness of fit was
tested against shuffled controls.

Additive component of the modulation

In order to demonstrate that the gamma phase imposes a multiplicative modulatory
(MM) effect on the MUA, an additive modulation (AM) was calculated and subtracted
from the empirically recorded data. Two methods were used to calculate the additive
component of the modulation, and this was repeated for each frequency of the
spectrum ranging from 4 to 80 Hz, to later test the specificity of the effect for gamma
band activity.

The first method followed closely the approach of Ni, Wunderle et al. (2016),
where the additive component of the modulation is described as a constant MUA
response to the presentation of a stimulus riding on top of the ongoing oscillatory
modulation, or adding on top of this ongoing modulation, from which the name.
We calculated the AM component by first getting an estimate of the ongoing
modulatory (OM) activity. First, we arbitrarily defined a time point during the red-
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background epoch, far back in time enough from black-bar stimulus presentation
to only capture activity of the ongoing gamma modulation, but close enough to
the actual time point of input arrival in V1 so that we would have a fair estimate
of the gamma modulation as close as possible to that time point. We defined this
“surrogate” time point (sTP) of input arrival in V1 at minus 0.15s from black bar
presentation. Then, per each trial, we extracted the phase at sTP using the phase
extrapolation method described above for input-time. We then binned trials
according to phase value into 6 bins, centered respectively at -150, -90, -30, 30,
90, 150 degrees, and we made sure each bin contained 35 trials. For each bin we
collected the corresponding MUA, and averaged over trials. We then computed the
constant MUA response as the global average MUA response over trials, regardless
of phase bin. Finally, we mathematically added the two components, the constant
MUA response and the ongoing modulation to obtain the additive component.

The second method that we used for estimating the additive component of
the modulation followed the same rationale of the one described above, but it
differed in the way ongoing gamma modulatory activity was calculated. Instead of
choosing one single sTP before the presentation of the black bar, we chose a time
window of 150 time samples, going further back in time, so that the estimation
of a 150 samples additive component would be safely distant from the ERP even
for the last time sample considered. We then extracted the phase at each time
sample of the selected window, and proceeded in the same way described above
to prove the existence of ongoing gamma modulatory effect. This method possibly
overestimated the additive component of the modulation, because the amount
of data points available for averaging was expanded, therefore the resulting
MUA average was cleaner. This method allowed us to have stronger proof of the
existence of a multiplicative component of the modulation, once this stronger
additive component was subtracted from the empirical data.

Multiplicative modulation by input-time phase

In order to extract the MM component of the MUA modulation, per each contrast,
frequency, recording site and phase bin, we subtracted the AM component
described above from the empirical data. We then z-scored the MM components
per each recording site, by calculating mean and SD across trials, and then
subtracting this mean and dividing by this standard deviation, in order to later
combine recording sites.

The phase-dependent modulation of the z-transformed multiplicative MUA response
components was assessed by fitting a single cycle of a cosine function, with the peak-
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to-peak amplitude defined as the modulation depth (MD). Both the amplitude and
phase of the cosine function were fitted to avoid imposing strong assumptions about
the phase that produces the strongest response. Cosine fits without a predetermined
phase always yield a positive modulation depth, therefore we estimated this inherent
bias. To do so, we randomly paired phases with z-transformed multiplicative MUA
components and repeated the cosine fitting process 100 times. The average MD
across these 100 randomizations served as the bias estimate, which is depicted as a
red line in Fig.2.5B, Fig.2.7B, and Suppl. Fig. 2.2 D.

Gamma phase modulation model

Based on Reynolds, Pasternak et al. (2000) it is possible to describe the effect of
a variable, in the case of the abovementioned paper selective attention, on MUA
response to a stimulus with two models. The input gain model sees an increase in
MUA through a shift in the sensitivity of the neurons. Namely, this means that the
neurometric curve describing the MUA response to stimuli of increasing contrasts
is shifted to the left, and it is possible to find the biggest difference in neuronal
response for stimuli of mid-level contrast, when comparing for different conditions.
On the other hand, the response gain model postulates that the effect of the variable
is that of causing a net increase of the MUA by multiplying it by a constant gain
factor. Therefore, the highest difference in MUA response between experimental
conditions will be evident for the highest contrast stimuli in this model. Following
this notion, we described which model gamma-phase modulation imposes on the
neuronal gain. To this end, we plotted the average MD over all recording sites, for
each contrast condition and check for which contrast level we could identify the
highest value of MD. Because the peak MD was found for 40% contrast stimuli, we
concluded that gamma phase imposes a Contrast Gain type of modulation on the
MUA response.

Statistical analysis

For each recording session and frequency, we computed both the observed
modulation depth (MD) and its corresponding Bias Estimate. The analysis yielded an MD
spectrum and a bias spectrum per each recording session. We subsequently assessed
whether consistent differences between these spectra were evident across recording
sessions. To this end, paired t-tests were conducted for each frequency to compare
MD and bias spectra across recording sessions. Importantly, statistical inference did
not depend directly on the outcomes of these t-tests; thus, our conclusions were
not subject to their underlying assumptions. Instead, the resulting t-values served
solely as a quantitative measure of difference for the following analysis based on a
non-parametric permutation test. In each of 10,000 permutations, the following
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procedure was applied: for every session, the MD and Bias spectra were randomly
either swapped or left unchanged; a paired t-test was then recomputed across
recording sessions; and the maximum t-value observed across all frequencies was
added to the permutation distribution. This final step controlled for the multiple
comparisons across frequencies, as described by Nichols and Holmes (2002). Finally, we
determined p-values by comparing the observed t-values to the permutation-based
distribution in a two-sided test, with correction for multiple frequency comparisons.
The same statistical testing procedure was used in Suppl. Fig.2.3, but the unit of
observation used was the single recording site, rather than the recording session.
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Abstract

Stimulus repetition is abundant, because the environment is redundant and/
or because it is redundantly sampled. This offers an opportunity to optimize the
processing of repeated stimuli. Indeed, stimulus repetition leads to classically
described neuronal response decreases, and to more recently described neuronal
gamma synchronization increases (sometimes preceded by decreases for a few
trials). Here, we used a full-screen colored background (FSCB) and a flashed black
bar, while recording multi-unit activity (MUA) and local field potentials (LFP) from
area V1 of an awake macaque monkey. We found that the FSCB repetition induced
neuronal response increases (sometimes preceded by decreases for a few trials) and
gamma synchronization decreases (preceded by increases for a few trials). These
effects are largely opposite to the dominant previous findings. Intriguingly, these
surprising effects reversed when we isolated the responses to the flashed black bar.
We discuss these findings, considering differences to previous studies with regards
to the subject of the study, the stimuli and the task. We notice that in studies
reporting classical results for gamma, sometimes in combination with firing rates,
the stimuli were typically (partly) predictive of the reward. Here, we found non-
classical results for the FSCB that was not reward predictive, and classical results for
the black bar that was reward predictive. Whether this has revealed a general effect
of reward predictive versus non-predictive stimuli will require further investigation
with stimuli and task designs tailored specifically for this question.
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Introduction

Repetition is a key feature of visual experience on several levels. On a behavioral
level, the eyes of a subject tend to perform return saccades, as a strategy to
optimize foraging (Wilming, Harst et al. 2013, Psarou, Parto-Dezfouli et al. 2025),
and thereby revisit the same objects. This brings the same stimuli repeatedly into
the receptive fields (RFs) of a given neuron or neuronal group in retinotopically
organized visual cortical areas, like primary visual cortex, V1. On a stimulus level,
a natural visual scene can contain dynamic stimulus repetitions, when e.g. image
elements move back and forth and thereby in and out of the mentioned RFs. On
a combined stimulus and behavioral level, stimuli can contain spatial repetitions
(Torralba and Oliva 2003), like e.g. trees in a forest, or faces in a crowd, and the
behavioral sampling of these repeated items can stimulate those RFs repeatedly
with similar stimuli. All these types of stimulus repetition offer the brain the
opportunity to optimize its computation (Olshausen and Field 1996, Schwartz, Hsu
et al. 2007).

Repetition of visual stimuli in experimental contexts has generally led to decreases
in neuronal firing rates (Li, Miller et al. 1993, Desimone 1996) and in the fMRI BOLD
(functional magnetic imaging blood oxygenation level dependent) response
(Grill-Spector, Henson et al. 2006). This effect, classically described as repetition
suppression, has no detrimental impact on behavioral performance (Grill-Spector,
Henson et al. 2006). Maintained performance might be achieved by neuronal
synchronization (Gotts 2003, Gotts, Chow et al. 2012) which might increase the
impact of the synchronized neurons by means of feedforward coincidence detection
(Salinas and Sejnowski 2001) or entrainment (Fries 2015). Indeed, increased
neuronal gamma-band synchronization within and between awake macaque areas
V1 and V4 has been reported as a result of stimulus repetition (Brunet, Bosman et
al. 2014). This repetition-related gamma increase has been confirmed by studies
that additionally demonstrated stimulus specificity of the repetition effect, both in
monkeys (Peter, Stauch et al. 2021, Psarou, Parto-Dezfouli et al. 2025) and humans
(Stauch, Peter et al. 2021).

In the present study, we report surprising findings obtained serendipitously while
analyzing the effect of stimulus repetition in a dataset that had originally been
collected to further investigate a different previously reported phenomenon:
Visually induced gamma-band activity rhythmically modulates the gain of the spike
response to a stimulus change (Ni, Wunderle et al. 2016). In the present experiment,
we recorded multi-unit activity (MUA) and local field potentials (LFPs) from awake
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macaque area V1, while inducing sustained gamma-band activity with a full-
screen-colored background (FSCB) (Shirhatti and Ray 2018, Peter, Uran et al. 2019).
On top of the FSCB and at an unpredictable time, we then presented in the RFs of
the recorded V1 neurons, a black bar that evoked neuronal spike responses.

This paradigm differed in several aspects from previous studies that had described
repetition-related changes in gamma-band activity. These previous studies had
used sustained stimulation with gratings or natural stimuli (Brunet, Bosman et
al. 2014, Peter, Stauch et al. 2021, Stauch, Peter et al. 2021, Psarou, Parto-Dezfouli
et al. 2025), whereas here we used the FSCB and a flashed bar. Furthermore, in
those previous studies, the stimuli that induced the investigated neuronal activity
underwent changes or offsets that temporally predicted the reward. In the present
experiment, reward was tightly predicted by the black bar, whereas the FSCB did
not add to reward prediction.

This paradigm produced repetition-related changes in neuronal activity that were
surprising, as they differed drastically from the results of those previous studies.
The previous studies had confirmed numerous reports that stimulus repetition
leads to MUA decreases (Brunet, Vinck et al. 2014, Peter, Stauch et al. 2021, Psarou,
Parto-Dezfouli et al. 2025). Furthermore, they revealed that stimulus repetition can
lead to initial gamma decreases for a few (typically 4-10) repetitions (Peter, Stauch
et al. 2021, Stauch, Peter et al. 2021), always followed by gamma increases for the
remaining repetitions (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch,
Peter et al. 2021, Psarou, Parto-Dezfouli et al. 2025). By contrast, the present study
revealed that the repetition of the FSCB induced MUA increases, preceded by
MUA decreases for some conditions and/or task period. The repetition of the FSCB
consistently induced gamma increases for some initial trials followed by gamma
decreases for the remaining trials. Even more surprisingly, the repetitions of the
black bar induced MUA decreases and initial gamma decreases followed by gamma
increases, largely following results from previous studies.

Results

Stimuli and task are illustrated in Fig. 3.1A. After an inter-trial interval with a
randomly colored noise mask, each trial started with the presentation of a gray
FSCB and a central fixation point (we refer to gray as a color, simply for ease of use).
As soon as the monkey attained fixation, the FSCB color remained gray in 10% of
the trials (gray-condition), or turned red in 90% of the trials (red-condition). The
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sequence of gray- and red-condition trials was pseudorandom. After 1.41.65 s,
while the FSCB remained unchanged, a black bar (width: 0.1 dva (degrees of visual
angle), length: 0.3 dva) was flashed for 0.2 s into the previously mapped RF, while
the monkey was required to keep fixation. In different trials, the bar was presented
at different contrast levels, pseudorandomly chosen from 5%, 10%, 20%, 40%, 80%,
or 100% in each trial of the red condition, and always at full contrast (100%) in
the gray-condition (see Methods for definition of contrast). Thus, the trials of the
red-condition contained approximately equal numbers of trials of the 6 distinct
contrast conditions. If the monkey kept fixation, the bar was followed by a gray
FSCB and reward.

This paradigm offered an interesting opportunity to investigate repetition-related
changes in neuronal activity, because it differed from previous studies as outlined
in the introduction. We studied neuronal activity in response to the repetition of the
FSCB and the repetition of the FSCB with the black bar superimposed. Moreover,
we studied the neuronal response to the repetition of the black bar in isolation, by
subtracting the response to the FSCB.

To analyze neuronal activity, we defined three periods indicated by the blue-shaded
rectangles in Fig. 3.1B, C. The “FSCB-transient” period started with the fixation
onset, which also triggered the red FSCB onset in the red condition; the FSCB-
transient period was 200 ms long. The “FSCB-sustained” period corresponded to the
last 200 ms end-aligned to the onset of the black bar. Finally, the “bar-transient”
period started with the onset of the black bar and was 200 ms long. As expected,
the LFP (Fig. 3.1B) and MUA (Fig. 3.1C) averaged over all trials and recording sites
showed phasic responses during the FSCB-transient period in the red condition,
much smaller phasic responses during this period in the gray condition (as there
was no color change, just fixation onset), and contrast-dependent phasic responses
in the bar-transient period.

For each of the conditions and periods, we first computed the raw LFP power spectra
averaged over recording sites and all trials (Suppl. Fig. 3.1). The raw LFP power
spectrum is not very sensitive for showing rhythmical neuronal synchronization (Vinck,
Womelsdorf et al. 2013). Nevertheless, these raw power spectra revealed gamma peaks
or at least gamma bumps for all combinations of conditions and task periods. Note
that clear gamma peaks were visible also for the FSCB-transient and FSCB-sustained
periods of the gray condition. This was unexpected, and potentially due to a color-
aftereffect, as few gray-condition trials were interspersed between many red-condition
trials. We nevertheless opted to use the gray condition as a baseline condition for the
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normalization of the red condition. This is mainly useful for the investigation of power
spectra, which are otherwise dominated by a 1/f component. Importantly, when we
analyzed the raw LFP power spectra, all results remained qualitatively identical.

For the normalization, we expressed the power during the red condition as percent
change relative to the gray condition (from the corresponding task period). For the
bar-transient period, this was done separately per contrast condition. This was first
done per recording site, and the resulting LFP power change spectra were then
averaged over recording sites. They showed prominent beta and gamma peaks for
the FSCB-transient period (Fig. 3.1D), and they were dominated by a large gamma
peak for both the FSCB-sustained period (Fig. 3.1E) and the bar-transient period
(Fig. 3.1F). For the bar-transient period, they differed across contrast conditions,
mainly in the alpha-beta range (Fig. 3.1F). For further analysis of the gamma-
band power, we defined the gamma band, separately per task period, as the
peak frequency in the average power change spectrum plus/minus 10% of that
frequency, resulting in 55+5.5 Hz for the FSCB-transient period, 48+4.8 Hz for the
FSCB-sustained period, and 47+4.7 Hz for the bar-transient period (as indicated by
the thin vertical lines and gray rectangles in Fig. 3.1D-F).

Repetition-related changes in MUA

We investigated repetition-related changes in MUA across trials. We first normalized
all MUA values per recording site and per task period, by expressing MUA as percent
of the MUA in the gray condition, averaged over the respective task period. These
normalized MUA values were subsequently averaged over recording sites and plotted
per trial (Fig. 3.2). We separately considered all combinations of color conditions
(Fig. 3.2 rows) and task periods (Fig. 3.2 columns). Note that the bar-transient period
during the red condition contained six different contrast conditions. Therefore, we
also compiled a plot of repetition-related MUA changes, for which we averaged the
data first per contrast condition and then over contrast conditions (Fig. 3.2D).

For several of the combinations of color condition and task period, MUA showed an
initial repetition-related decrease followed by an increase. Similar breakpoints had
been previously observed by us in several other datasets, both for MUA and gamma
in awake macaque V1 (Peter, Stauch et al. 2021, Psarou, Parto-Dezfouli et al. 2025)
and for gamma in human MEG (Stauch, Peter et al. 2021). In these datasets, the
breakpoints had been determined by eye and occurred at trial 4-10 for gamma-band
LFP power and 4-20 for MUA. In the current dataset, visual inspection of the MUA
results suggested that breakpoints could occur around trial 20 when we considered
the gray condition (Fig. 3.2E-G), and around trial 120 when we considered the
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Fig. 3.1. Stimuli, paradigm, task periods, and stimulus evoked and induced MUA and LFP responses.
(A) Schematic illustration of stimuli and task periods for the gray condition (upper row) and red
condition (lower row). (B) LFP averaged over trials and recording sites, separately for the gray and the
red conditions, shown in the corresponding colors. (C) Same as B, but for MUA. (D) LFP power spectra
during the FSCB-transient period for the red condition, averaged over recording sites and trials. Power
is expressed as percentage change relative to the corresponding task period of the gray condition.
(E) Same as D, but for FSCB-sustained period. (F) Same as D, but for bar-transient period. For the bar-
transient period (B, C, F), the different bar-contrast conditions are color coded according to the legend
to the right of panel Cand panel F.

red condition (Fig. 3.2A). We noticed that the red condition contained 6 different
contrast conditions for the bar that was flashed into the RF, whereas the gray
condition contained only 1 contrast condition. We further noticed that the
breakpoint appeared around trial number 20 times the number of contrast
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conditions. We hypothesize that this might be related to the fact that the bar was
temporally predictive of the reward (see Discussion for details). With this in mind,
we opted for a segmented regression, where we fixed the number of segments to
two, and the breakpoint to occur between trial 4-20 times the number of contrast
conditions. This indeed provided excellent fits. For consistency, we applied this
approach also to the combinations of color condition and task period, for which
visual inspection did not reveal a breakpoint (Fig. 3.2B-D).
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Fig. 3.2. Trial-by-trial analysis of repetition-related changes in MUA responses. (A) MUA responses for
the FSCB-transient period of the red condition, expressed as percent change to the corresponding
gray condition, averaged over recording sites and sessions, separately per trial. Repetition-related
changes were fitted with a segmented linear regression, whose results are shown as yellow regression
lines, separated by a vertical line at the break point. The text above the plot provides the trial number
of the break point (BP), and the slope and p-value for the first regression segment (S1, p1) and the
second segment (S2, p2). The respective data points were colored magenta and blue. (B) Same as A,
but for the FSCB-sustained period. (C) Same as A, but for the probe-transient period. (D) Same as A, but
for the probe-transient period after averaging separately per bar-contrast condition. (E) Same as A, but
for the FSCB-transient period of the gray condition. (F) Same as A, but for the FSCB-sustained period of
the gray condition. (G) Same as A, but for the bar-transient period of the gray condition.

Most importantly, this analysis revealed that after the initial MUA decrease, which
occurred for some conditions and task periods, all conditions and task periods
showed repetition-related MUA increases until the end of the session. This was
opposite to many previous reports, including our own, of repetition-related MUA
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decreases (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch, Peter et al.
2021, Psarou, Parto-Dezfouli et al. 2025).

We also investigated those repetition-related MUA changes as a function of time
within the three task periods. For this, we pooled trials over red and gray conditions,
and we focused on the trials after the breakpoint. After pooling, per task period, we
determined the breakpoint (Suppl. Fig. 3.2) and divided the remaining trials into
three equal-sized trial bins, the early, middle and late trials (Fig. 3.3). Within each trial
bin, we averaged the normalized MUA (blue, yellow and magenta lines in Fig. 3.3A-C),
and we statistically compared the late to the early trials (Fig. 3.3D-F). This showed that
repetition-related MUA increases occurred throughout all three task periods.
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Fig. 3.3. Time-course analysis of repetition-related changes in MUA responses. (A) MUA responses,
expressed as percent change relative to the average FSCB-sustained period of the gray condition, for
the FSCB-transient period of both the red and gray condition combined, separately for the early,
middle and late trial group as indicated by the color legend right of panel C. The trial groups were
defined after excluding the trials before the break point identified by the segmented linear regression.
(B) Same as A, but for the FSCB-sustained period. (C) Same as A, but for the bar-transient period. (D) The
black line shows the difference of the late minus the early trial group in A. The gray-shaded region
indicates the range of differences expected by chance. All observed differences were significant.
(E) Same as D, but corresponding to panel B for the FSCB-sustained period. (F) Same as D, but
corresponding to panel C for the bar-transient period.
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Repetition-related changes in LFP gamma power

We next investigated repetition-related changes in LFP gamma-band power,
using the same approaches as used for MUA. Gamma showed initial repetition-
related increases followed by decreases, consistently for all combinations of color
condition and task period (Fig. 3.4A-F) except for the bar-transient period in the
gray condition (Fig. 3.4G). The segmented regression located the breakpoint to trial
number 8-16 for the gray condition with one bar-contrast condition (Fig. 3.4E-G), at
trial number 7 when we averaged over bar-contrast conditions in the red condition
(Fig. 3.4D), and at trial number 30-50 for the red condition, which corresponds to
trial number 5-8.3 after dividing by the 6 bar-contrast conditions (see previous
paragraph for the rationale of this). These breakpoint positions were consistent
with the hypothesis that the breakpoint occurs at trial number 4-20 times the
number of bar-contrast conditions.

Most importantly, the observation of repetition-related gamma decreases preceded
by initial increases is opposite to our previous studies using other stimuli and task
paradigms. In those previous studies, we had consistently found repetition-related
gamma increases, preceded in some cases by initial decreases for 4-10 trials.
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Fig. 3.4. Trial-by-trial analysis of repetition-related changes in LFP gamma-band responses. Same as
Fig. 3.2, but for LFP gamma-band power instead of MUA responses.

We also investigated those repetition-related LFP-power changes as a function of
frequency within the three task periods, following the same approach as for MUA
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(for trial-pooled gamma results and breakpoints see Suppl. Fig. 3.3). This revealed,
for the FSCB-transient period, repetition-related LFP power increases in the alpha
band and decreases in both the beta and gamma bands (Fig. 3.5A, D). For the FSCB-
sustained and the bar-transient period, repetition-related changes were dominated
by gamma decreases (Fig. 3.5B, C, E, F). Note that both the FSCB-transient and the
bar-transient period most likely contained event-related potentials (ERPs), both for
the red and the gray conditions. As we used the gray condition for normalization,
the ERP-related spectral perturbations might have influenced the normalized
spectra. Therefore, we also considered an alternative normalization, in which the
different task periods of the red conditions were always normalized by the FSCB-
sustained period of the gray condition. This left the results essentially unchanged
(Suppl. Fig. 3.4).
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Fig. 3.5. Spectral analysis of repetition-related changes in LFP power. Same as Fig. 3.3, but for LFP
power changes during the different task periods, expressed as percent change relative to the
corresponding task periods of the gray condition.

Repetition-related changes in MUA-LFP gamma synchronization

We also investigated MUA-LFP synchronization, quantified by the MUA-LFP pairwise
phase consistency metric (Vinck, van Wingerden et al. 2010). As the PPC is poorly
defined for single trials, we used the same trial-binning approach as in Figs. 3.3 and 3.5.

During the FSCB-transient (Fig. 3.6A, D) and the bar-transient periods (Fig. 3.6C, F),
MUA-LFP PPC spectra were dominated by low-frequency synchronization, most
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likely due to the transient neuronal responses jointly evoked in MUA and LFP by
the FSCB and bar onset, respectively. Those low-frequency components were the
only that showed repetition-related changes, namely an increase during the FSCB-
transient period and a decrease during the bar-transient period.

During the FSCB-sustained period (Fig. 3.6B, E), the MUA-LFP PPC spectrum
showed a low-frequency and a gamma component. Both showed repetition-
related decreases. The MUA-LFP PPC gamma component and its repetition-related
decrease corresponds closely to the gamma component in the LFP power spectra,
suggesting that the LFP power spectra reflect local neuronal synchronization.
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Fig. 3.6. Spectral analysis of repetition-related changes in MUA-LFP PPC. Same as Fig. 3.3, but for MUA-
LFP PPC spectra, which are intrinsically normalized.

Isolating responses to the bar and their repetition-related changes

As mentioned above, the repetition-related changes observed for the current stimuli
and task were largely opposite to the changes observed previously (Brunet, Bosman
etal. 2014, Stauch, Peter et al. 2021, Psarou, Parto-Dezfouli et al. 2025). Those previous
studies had used gratings or photos of objects to induce neuronal activity, and those
stimuli underwent changes or offsets that temporally predicted the reward. In the
present study, the stimulus that temporally predicted reward was the bar. We have
already analyzed the neuronal responses to the bar on top of the FSCB. Yet, this
response to the compound FSCB + bar stimulus might be dominated by the response
to the FSCB, and we therefore set out to isolate the response to the bar by subtracting
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the response to the FSCB alone. As a good estimate for this isolated FSCB response,
we used the FSCB-sustained period. We subtracted the FSCB-sustained results from
the bar-transient results, and refer to the difference as bar-only results (Fig. 3.7). We
analyzed this separately for all red-condition trials pooled (Fig. 3.7A, D), for the red-
condition trials averaged per bar-contrast condition (Fig. 3.7B, E), and for the gray
trials (Fig. 3.7C, F). To our great surprise, those bar-only results showed again the
same repetition-related changes that we had found in previous studies, namely for
MUA a monotonic decrease (see Fig. 3.7AC for significances), and for gamma an initial
decrease followed by an increase for the rest of the trials (Fig. 3.7D-F, both highly
significant for most conditions).
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Fig. 3.7. Isolation of MUA (upper row) and LFP gamma power (lower row) responses during the bar-
transient period after subtracting the responses to the FSCB-sustained period. (A) Same as Fig. 3.2C,
but after subtracting the data from the FSCB-sustained period. (B) Same as Fig. 3.2D, but after
subtracting the data from the FSCB-sustained period. (C) Same as Fig. 3.2G, but after subtracting the
data from the FSCB-sustained period. (D) Same as Fig. 3.4C, but after subtracting the data from the
FSCB-sustained period. (E) Same as Fig. 3.4D, but after subtracting the data from the FSCB-sustained
period. (F) Same as Fig. 3.4G, but after subtracting the data from the FSCB-sustained period.
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Correlations between repetition-related and stimulus-

driven changes

Finally, we tested whether repetition-related changes in neuronal activity were
correlated with stimulus-driven changes in neuronal activity. MUA in V1 can be
enhanced by many stimuli, and the repetition of those stimuli typically causes
MUA response reductions. By contrast, we found, for all conditions except the bar-
only condition, repetition-related MUA response increases. Intriguingly, the MUA
response in awake macaque V1 to large uniform red surfaces had previously been
reported to be a reduction below baseline (Peter, Uran et al. 2019). If this stimulus-
induced MUA reduction were itself reduced by stimulus repetition, just like
stimulus repetition typically reduces stimulus-induced MUA enhancements, then
this might explain our surprising observation of repetition-related MUA increases.
If so, the repetition-related MUA increases should be negatively correlated with
stimulus-induced MUA changes: the larger the stimulus-induced MUA decrease,
the larger the repetition-related MUA increase. We quantified stimulus-induced
MUA changes as the ratio of the red condition over the gray condition, and refer
to this as the stimulus-related response ratio (SR). We quantified repetition-related
MUA changes as the ratio of the last 30 trials over the first 30 trials, and refer to this
as the repetition-related response ratio (RR). RR values were positively correlated
to SR values during all task periods (Fig. 3.8A-C). This analysis also revealed that
the stimuli in this dataset mostly did not suppress but enhance MUA, leading to
positive SR values. Both of these observations do not support the possibility that
the repetition-related MUA increases were due to repetition-related reductions in
stimulus-induced response reductions.

We repeated the same analysis for gamma-band power. For gamma, RR values were
not correlated to SR values during the FSCB-transient period (Fig. 3.8D), and they were
negatively correlated during the FSCB-sustained and bar-transient period (Fig. 3.8E, F).

Discussion

Summary

We report surprising serendipitous findings from investigating repetition-related
changes in MUA and neuronal gamma-band activity in a new dataset. Such
repetition-related changes have been reported in several previous publications,
whose overall results can be summarized as follows: When a given stimulus is
repeatedly presented, (1) MUA responses decrease monotonically with stimulus
repetition, with a slope that is steep for the initial ~20 trials and then flattens,
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(2) neuronal gamma-band responses increase with stimulus repetition, and this
increase can be preceded by a decrease for the initial 4-10 trials. These repetition-
related effects were largely reversed in the present dataset: (1) MUA responses
decreased for the initial trials in some of the conditions or task periods, but
subsequently, MUA responses increased for the remaining trials; (2) neuronal
gamma-band responses consistently increased for the initial trials in both the red
and the gray conditions and all task periods, and subsequently, neuronal gamma-
band responses decreased for the remaining trials for all red-condition task periods
and showed the same trend for the gray-condition task periods. However, when
we isolated the bar-only response by analyzing the bar-transient minus the FSCB-
sustained period, this largely reverted the effects back to those found previously.
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Fig. 3.8. Analysis of correlation between repetition-related and stimulus related modulation. In all
plots, each dot represents one recording site, the x-axis value represents the site’s stimulus-related
modulation (stimulation-over-baseline ratio), and the y-axis value represents the site’s repetition-
related modulation (late-over-early ratio). The upper row shows the MUA data, the lower row shows
the LFP gamma power data. The three columns show the results separately for the three task periods,
as indicated on the top. The insets in each plot provide the respective Pearson correlation coefficients
and the corresponding p-values.
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These surprising findings have been obtained from an experiment that investigated
a different effect, namely gamma-rhythmic gain modulation (Ni, Wunderle et
al. 2016), and this latter purpose determined stimuli and task. This experimental
design leaves several possible explanations for the surprising findings, and it
will require future experiments to arbitrate between them. Yet, the observations
reported here and in our previous studies on repetition-related gamma changes do
allow to argue against some and in favor of some other, intriguing, explanations,
and we will spend most of this discussion on this exercise.

Note that also our original report of repetition-related gamma increases was based
on a serendipitous finding in a dataset that had been obtained to study selective
visual attention (Brunet, Bosman et al. 2014).

The surprising findings are most likely due to experimental differences compared
to previous studies. The main differences that appear plausible are: (1) Differences
between animals, (2) differences between stimuli, (3) differences between tasks.

An effect of the specific animal?

The animal used in the present study is different from the ones used in Brunet,
Bosman et al. (2014) and Peter, Stauch et al. (2021), but the same as used in one
previous study: Psarou, Parto-Dezfouli et al. (2025). This latter study with this same
animal showed repetition-related changes in MUA and gamma-band responses
that were highly similar to the ones reported in Brunet, Bosman et al. (2014) and
Peter, Stauch et al. (2021). Thus, the specific animal used in the present study is
likely not the reason for the surprising findings. Yet, this one previous study with
this same animal also used similar stimuli and tasks as parts of Peter, Stauch et al.
(2021) and Stauch, Peter et al. (2021), leaving open the possibility that differences
in the present study in either one of those aspects were relevant.

An effect of the specific stimuli?

An effect of using uniform, colored stimuli?

The previous studies reporting repetition-related gamma increases had used
gratings (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch, Peter et al.
2021), and one of them had additionally used photos of natural objects (Peter,
Stauch et al. 2021). None of them had used uniform, colored surfaces. Thus, this
specific choice of stimuli might appear like a plausible candidate to explain the
surprising findings. However, we had six recording sessions from the same animal,
in which we used uniform colored discs in a task that was highly similar to Psarou,
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Parto-Dezfouli et al. (2025). While this was a very limited dataset, the results were
fully in line with our previously published reports (Suppl. Fig. 3.5) and do not
support an explanation of the surprising findings as a result of using these stimuli.

An effect of using full-screen stimuli?

The previous studies reporting repetition-related gamma increases had mostly
used stimuli that did not cover the full screen. However, the original report
demonstrated the effect first and very clearly for full-screen gratings (Fig. 1A-C of
Brunet, Bosman et al. (2014)). Thus, the use of full-screen stimuli could clearly be
eliminated as explanation for the surprising findings.

An effect of the specific task?

This leaves the specific task as an intriguing candidate explanation. To explore this,
we first review the main aspects of the tasks that have induced repetition-related
gamma increases in previous studies.

In the original report of repetition-related gamma increases (Brunet, Bosman et
al. 2014), several different datasets were used. Most of the data were recorded
while macaques performed selective attention tasks, during which two patches of
drifting grating were presented and one was cued as behaviorally relevant. One
of the patches was inside the RF of the recorded neurons, the other one outside,
and attention was randomly cued per trial to the stimulus inside or outside. The
cued stimulus had to be monitored for a randomly timed change in shape (for the
ECoG data in that study) or color (for the V4 microelectrode data in that study),
which the animal needed to report by releasing a bar. The behavioral response
prompted the disappearance of both the attended and the non-attended stimulus,
and their disappearance immediately preceded reward delivery. This same study
also reported repetition-related gamma increases for another ECoG dataset. For
this dataset, a monkey monitored the fixation point for a color change, while the
neuronal activity was induced by a full-field patch of drifting grating. Similar to the
attention tasks, the behavioral report of the fixation-point color change prompted
the disappearance of the stimulus, which immediately preceded reward delivery.

In the subsequent study (Peter, Stauch et al. 2021), macaques monitored stimuli for
randomly timed changes, which were small localized contrast decrements randomly
positioned on the stimuli. Those stimuli were either natural stimuli (color photos
of isolated leaves, flowers, sweets, fruits, vegetables) or grating patches. Change
detection was again reported manually, which prompted stimulus disappearance
and subsequent reward delivery.
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In the next study (Stauch, Peter et al. 2021), human subjects monitored a large
grating patch for a suprathreshold (50%) contrast decrement of the entire
grating combined with a near-threshold orientation change. The contrast change
prompted the behavioral report of the orientation change. The behavioral report
in turn prompted stimulus disappearance and subsequent presentation of a smiley,
which provided positive feedback irrespective of behavioral response correctness.

In the most recent study (Psarou, Parto-Dezfouli et al. 2025), macaques fixated
while patches of grating were presented in the RFs of the recorded neurons. The
duration of stimulus presentation was either 0.8-0.9 s for variable-stimulus blocks,
or 1-1.3 s for fixed-stimulus blocks (see ref for details), and the stimulus offset was
immediately followed by reward delivery.

In summary, in the previous datasets for which a repetition-related gamma increase
has been reported (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch,
Peter et al. 2021), the stimulus that activated the recorded neurons was behaviorally
relevant for obtaining the reward, and/or stimulus changes or stimulus offsets were
predictive of the upcoming reward.

In the present study, as soon as the animal acquired fixation, the FSCB appeared
and stayed on throughout the trial. After 1400 to 1650 ms, randomly timed, the
bar was presented inside the RF of the recorded neurons for 200 ms. After the
bar disappeared, the FSCB turned gray, which was a change for the red-condition
trials and no change for the gray-condition trials, and this was followed by reward
delivery after a constant interval of 100 ms. Thereby, the bar was predictive of the
upcoming reward. Note that when we isolated the neuronal responses to the bar by
subtracting the responses to the FSCB, we found similar repetition-related changes
as in previous studies. In comparison, the FSCB was less predictive of the reward,
as it was presented for a variable amount of time before reward delivery, and it
also did not contain any temporal structure predictive of the upcoming bar and/
or reward. For the FSCB, the main findings were opposite to the previous studies.
Based on these considerations, we would like to speculate as follows.

We will first focus on the changes that we have observed for many repetitions. In the
previous studies, that was the repetition-related firing-rate decrease and gamma
increase; we will later discuss the changes observed in some datasets (including
the present one) for the initial repetitions. Those many-repetition-related changes
might be explained by a statistical dependence of the reward on the stimuli.
When a stimulus repeatedly predicted a reward, we observed that the stimulus-
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induced neuronal responses showed firing-rate decreases and gamma increases. By
contrast, and this is the main novel insight from the present study, when a stimulus
was repeatedly presented but not reward predictive, or at least there was another
stimulus that was much more tightly reward-predictive, then the stimulus-induced
neuronal responses showed firing-rate increases and gamma decreases.

We next turn to the changes that we have observed for the initial repetitions in
some of the previous studies. In those previous studies this was mainly a firing-
rate decrease that was steeper than for the later repetitions, and a gamma decrease
for the initial 4-10 repetitions preceding the later gamma increase. This gamma
decrease was observed for non-overtrained natural stimuli in macaques and for
non-overtrained gratings in human subjects (Peter, Stauch et al. 2021, Stauch, Peter
et al. 2021), and it was not observed for highly-overtrained gratings in macaques
(Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Psarou, Parto-Dezfouli et
al. 2025). Therefore, we have previously suggested that the initial presentations
of non-overtrained stimuli induce an arousal reaction, which leads to increased
gamma, and that this arousal and its enhancing effect on gamma decline over the
course of few trials. In the present study, we find similar initial gamma decreases
when we isolate the response to the bar, and we find opposite changes, i.e., initial
gamma increases when we analyze the response to the FSCB.

In addition, we here make one intriguing observation, which holds both for the
responses to the FSCB and the responses to the black bar: the number of those
initial trials was similar to previous studies, i.e., in the range of 7 to 20 when we
analyzed the gray condition, for which only one bar contrast was used, and when
we analyzed the red condition after averaging over the different bar conditions.
However, when we concatenated all trials of the red condition, the number of those
initial trials was larger, in the range of 30 to 120. When this larger number was
divided by 6, i.e., the number of bar-contrast conditions for the red condition, then
we ended up with similar initial-trial numbers as in the other cases. This suggests
that the changes observed for the initial trials “count” the number of repetitions of
a particular black-bar. This might be related to the abovementioned, speculative,
mechanism that results from the pairing of a particular stimulus with reward. Yet
note, that this putative explanation departs from our previous interpretation of the
initial-trial related changes as an arousal-related effect. The arousal in response to
the FSCB is not expected to be modulated by the pairing of the preceding black bar
with reward.
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We emphasize that these latter paragraphs offer speculations intended to explain
all observations as parsimoniously as possible, namely as the learning of a stimulus’
reward predictability. Yet, those observations have partly been made serendipitously
- this applies to the original study (Brunet, Bosman et al. 2014) and the present
one - and therefore the stimuli and tasks were not optimized to investigate the
observed phenomena, to minimize confounds, and to dissect different possibilities
of explanation. At the same time, the observed effects are so striking and appear
so fundamental, and the datasets from invasive recordings in awake non-human
primates are so precious, that we think those serendipitous findings deserve to be
reported. That said, the speculations offered as putative interpretations definitively
require rigorous testing in other datasets and experiments that allow the dissection
of different possibilities, and we anticipate that this will be a highly fruitful avenue
for future research.
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Suppl. Fig. 3.1. Raw LFP power spectra, without normalization. Each plot shows the raw LFP power
spectrum, averaged over trials and recording sites, separately for the red and gray condition as
indicated by the inset legends. The different plots show the data for the different task periods. For the
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contrast condition (D), as indicated by the color legend to the right.
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Suppl. Fig. 3.5. Classical results obtained in the same animal for different stimuli and task.
(A) Illustration of task paradigm and stimuli. (B) Trial-by-trial analysis of repetition-related changes in
MUA responses to the red-color disk stimuli. MUA responses for the stimulation period, averaged over
recording sites and sessions, separately per trial. The yellow line shows the linear regression, whose
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Materials and Methods

The data used for the current experiment were acquired in the same experimental
setup used for the (Psarou, Parto-Dezfouli et al. 2025) study, and by the same
collaborators. Moreover, because the (Psarou, Parto-Dezfouli et al. 2025) study also
addressed the question of stimulus repetition, some of the analysis methods and
statistical testing procedures presented here are very similar to those reported in
the above-mentioned study. For this reason, the following descriptions will contain
pieces of text that are copies or close to literal copies of (Psarou, Parto-Dezfouli et
al. 2025), while avoiding the placement of those sentence parts in quotes, which
would have impoverished readability.

Surgical procedures

All experiments on NHP were performed in compliance with the German and
European ethical guidelines and regulations for the protection of animals. The
experimental procedures were reviewed and approved by the German regional
authority, the Regierungsprasidium Darmstadt.

One adult male macaque monkey (Macaca Mulatta), 19 years of age, weighing
13 kg, was used in this study. We used one rather than the more typical two or
three animals, because we recently showed that the inference with the addition of
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a second or third animal is still limited to the sample (Fries and Maris 2022, Laurens
2022, Psarou, Katsanevaki et al. 2024). Thus, doubling or tripling the number of used
animals would not change the quality of the inference, and ethical considerations
mandate the use of one animal. All surgical procedures performed on the animal
were carried out under general anesthesia, and analgesic and antibiotic treatments
were administered in the postoperative time period.

The procedure for head-post implantation followed a two-step approach, described
in detail in Psarou, Vezoli et al. (2023). Subsequently, a modular custom-made
titanium recording chamber for acute recordings was implanted. The chamber
was fixed over the occipital area of the skull corresponding to visual area V1, on
the left hemisphere. AAV virus injections into V1, used for other experiments, were
performed at locations remote from the recording locations used here.

Visual Stimulation

Visual stimuli were presented on an LG 32GK850G-B monitor (LG Electronics Inc.,
Seoul, South Korea), and gamma correction was applied in all tasks (gamma: 1.57).
The monkey’s eyes were at a distance of 83.5 cm from the screen. The precise
times of black-bar presentation were recorded by simultaneously presenting a
small stimulus in the corner of the monitor, occluded from the monkey’s view, and
recording that small stimulus with a custom-made photo-diode signal.

Receptive field (RF) estimation

The RF position and orientation preference were determined after averaging
neuronal responses over all electrode contacts on the laminar probe that were
deemed to be located inside the cortex, as is explained in the corresponding
section below. The electrode contacts were densely spaced, such that RF positions
and orientation preferences were expected to be similar across simultaneously
recorded contacts.

RF position was determined at the beginning of each recording session by using
the back-projection method described in Fiorani, Azzi et al. (2014). Per trial, one bar
moving in one of eight possible directions across the entire monitor was presented
while the monkey kept fixation on a central fixation spot. The moving bar was
0.1 deg wide and had a speed of 8 deg/s. Ten correct trials for each direction were
collected, for a total of 80 correct trials.

The MUA spike density functions were accumulated over time to reconstruct
a spatial response map that indicated the position of the receptive field, after
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correcting for the response latency which maximized the back-projection response.
The MUA's response-based receptive field position was inferred by smoothing MUA
responses with a Gaussian function for each direction of movement, and taking the
10th and 90th percentile and fitting an ellipse to the resulting data points.

Orientation tuning task

The orientation preference of the located RF was inferred with a dedicated
orientation tuning task. Per trial, a 0.1 degrees of visual angle (dva) wide and 0.3 dva
long bar of one of six possible orientations, was presented at the location of the RF,
while the monkey was required to keep fixation on the central fixation spot. A trial
was considered correctly performed if fixation was maintained. Ten correct trials for
each orientation were collected for a total of 60 trials. The preferred orientation was
inferred by directly comparing the MUA (or LFP in case of low MUA signal) response
amplitude across the 6 orientations and choosing the orientation with the highest
related MUA response. The screen background during the orientation-tuning task
was gray (RGB 128, 128, 128).

Behavioral task

During training and recordings, the monkey sat in a primate chair located inside a
fully shielded recording booth, with dim illumination. All recordings were performed
under head fixation. The behavioral paradigm was created using ARCADE (Dowdall,
Schmiedt et al. 2018), a custom software built in house using MATLAB.

The monkey performed a fixation task. The animal acquired fixation on a central
black fixation dot, 0.3 dva diameter, positioned in the center of the gray screen,
and maintained fixation in a tolerance radius of 0.5 dva from the fixation spot.
A trial was considered correctly performed when the monkey kept fixation for the
whole duration of a trial (1600 to 1850 ms), and was rewarded with the delivery of
grape juice.

Each trial consisted of the presentation of a sequence of visual stimuli on the
monitor. Each trial began by showing a gray background screen (RGB coordinates
[128, 128, 128]) together with the central fixation dot. The monkey was allowed a
time period of maximally 10 seconds to acquire fixation, yet they typically attained
fixation much quicker.

As soon as the animal started fixating, a full-screen colored background (FSCB)
was shown. The FSCB was red colored (RGB coordinates [255,0,0]) in 90% of the
trials (red-condition), while in 10% of the trials, the screen maintained the same
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gray color as the initial background (gray-condition). The gray trials were taken as a
baseline reference for the red trials. The FSCB time period had a constant duration
of 1400 ms, plus a time jitter ranging from 0 to 250 ms to precede the following
section of the trial.

After the FSCB time period, the FSCB, red or gray, was kept in place, and an
additional visual stimulus in the shape of a black bar was presented inside the
previously determined RF for 200 ms. The black bar had a length of 0.3 dva, a
thickness of 0.1 dva and was oriented according to the preference of the recorded
neurons. In the red condition, the black bar stimulus was presented at 6 contrast
levels (see below), while in the gray condition, the black bar stimulus was always
shown at full contrast. After bar offset, a waiting period of 100 ms elapsed after
which the animal was rewarded. Fixation breaks led to immediate termination of
the trial, and no reward was given.

During each inter-trial interval (ITI, 700 ms), a colorful noise mask was presented on
the screen. The noise mask was composed of squares of height and width ranging
from 0.1 to 0.5 dva in steps of 0.01 dva, and each square had a color randomly
selected from the possible RGB color coordinates. This mask was intended to
counteract color adaptation effects.

Color contrast and normalized color space

In the red condition, the black bar stimulus was presented at six contrast levels:
5%, 10%, 20%, 40%, 80%, 100%. The contrast was calculated based on the Weber
contrast formula:

where [ indicates the luminance of the stimulus, and /_ indicates the luminance of
the background. In order to define contrast levels appropriately, color coordinates
for the red background and for the black bar foreground stimulus were chosen
from the CIELAB standardized color space (Gravesen 2015), then translated to
RGB coordinates.

Color patches and oriented gratings task

Results shown in Suppl. Fig. 3.5 were obtained by analyzing data collected with
a dedicated task. Every trial of the task started with an inter-trial interval (ITl) of
500 ms, presenting a grey screen (RGB [128,128,128]). An acquire-fixation time
window started right after the ITI. A central fixation dot of 0.5 dva, dark gray in color
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(RGB [204,204,204]), was presented on the screen. In this time window, the monkey
was allowed a maximum of 10000 ms to acquire fixation. After fixation was acquired,
the monkey was required to maintain fixation for the duration of a baseline time
window of 1000 - 1300 ms, during which the screen kept the initial grey color. At the
end of the baseline window, the visual stimulus was presented during a 1300 - 1800
ms long time window. The stimulus consisted in a circular patch of uniform color or
of grating. The circular-colored patch had a 7 dva diameter, covering RFs, and could
assume one of the following colors: RGB [149,112,198], [188,107,180], [191,115,129],
[160,130,60], [103,143,6], [44,147,59], [37,140,128], [90,126,179]. The grating stimulus
was also circular, had a 3.5 dva diameter, a spatial period of 0.5 dva, and was
approximately centered on the RF. The grating could assume one of four possible
orientations: 0, 45, 90 or 135 degrees. If the monkey maintained fixation for the whole
trial duration, the trial was considered correct, and the monkey was rewarded with
delivery of grape juice.

Eye position

Eye position was recorded at 1000 Hz using an Eyelink 1000 system (Eyelink Inc.,
SR research Ottawa, Canada). The system was calibrated on the left eye at the
beginning of every recording session, and the left-eye signal was recorded.

Recordings

In each recording session, one laminar probe was introduced through the intact
dura into the cortex. Laminar probes featured 16 channels in one column, spaced
by 50 micron (linear V-probes from Plexon Inc., Dallas, Texas, USA). The probe was
guided by a guide tube that rested on the dura. For the recordings, the guide
tube served as ground and the shank of the probe as reference. Recordings were
performed in a fully shielded booth acting as a Faraday cage that prevented
disturbance of the electrophysiological signal by line noise. Correspondingly, line-
noise removal was not necessary and not performed.

Electrophysiological data were acquired using Tucker Davis Technologies (TDT, Alachua,
Florida, USA) systems. Raw data were recorded and digitized by a TDT PZ2 pre-amplifier
at 24.4140625 kHz.

Data Analysis
All analyses were carried out in MATLAB and using the FieldTrip toolbox (Oostenveld,
Fries et al. 2011).
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Preprocessing

Raw data were downsampled to 1000 Hz. For the LFP, this entailed upsampling
to 3,125,000 Hz, downsampling to 25,000 Hz, filtering with a stop-band at 500 Hz
(IR filter) and downsampling to 1000 Hz. For the MUA, this entailed upsampling to
3,125,000 Hz, band-pass filtering at 300-12000 Hz, rectification, stop-band filtering
at 500 Hz (lIR filter) and downsampling to 1000 Hz.

Recording site selection

During each recording session, we performed one penetration with one laminar
probe. The probe was positioned under online visual inspection of the neuronal
signals and their general responsiveness to visual stimulation, such that typically
all recording sites provided good MUA and LFP responses. Yet, some recording
sites did not provide clear RFs, and those recording sites were identified by visual
inspection and not used for further analyses. The remaining recordings sites will be
referred to as “selected recording sites”, or “selected sites”.

Spectral analysis

For the spectral analysis, the LFP in the 200 ms long FSCB-transient, FSCB-sustained
or bar-transient periods was multiplied with a Hann taper, zero-padded to 1s, and
Fourier transformed using the FieldTrip function ft_freqanalysis.

Baseline normalization

All analyses except Fig. 3.1B, C and Suppl. Fig. 3.4 use the gray condition as
baseline, separately per task period. For the MUA, separately per recording site,
each task period provided one value for the gray condition, averaged over time
points and trials. This gray-condition value was used to express the corresponding
red-condition MUA as percent change relative to the gray condition. The same was
done for the LFP, except that the LFP was first transformed to a spectrum, and the
averaging and normalization was done per frequency, providing a frequency-wise
LFP power change spectrum during the red condition relative to the gray condition.

For Suppl. Fig. 3.4, the same procedure was followed, except that the normalization
was not by the corresponding task period of the gray condition, but always by the
FSCB-sustained period of the gray condition.

For Fig. 3.1B, Cthe signals, both the raw LFP and the MUA, were expressed as percent
change relative to the average respective values during the gray-condition FSCB-
sustained period. This was done per recording site, with subsequent averaging
over sites.
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Estimation of gamma peak frequency and gamma band

The LFP power change spectra as compiled for the main analyses were used to
determine the gamma peak frequency. The gamma peak frequency was estimated
after averaging over all recording sites from all sessions, yet separately for the
FSCB-transient, FSCB-sustained and bar-transient. The frequency associated
with the maximum power change value in the 3090 Hz range was defined as the
gamma peak frequency, and a band of +/- 10% around the peak was defined as the
gamma band.

Analysis of repetition-related changes across trials

To visualize and quantify repetition-related changes across trials, LFP gamma power
and MUA were averaged over recording sites and sessions, separately per trial. For
this, only the trials present in all sessions were used. In other words, the session with
the smallest number of trials for the respective stimulation condition determined the
number of trials that was used from all other sessions. When all trials of both the red
and the gray condition were considered together, this resulted in 813 trials (Suppl.
Fig. 3.2 and Suppl. Fig. 3.3). When all trials of the red condition were considered, this
resulted in 750 trials (Fig. 3.2A, B, C, Fig. 3.4A, B, C, Fig. 3.7A, D). When all trials of the
red condition were considered, yet averaged separately per bar-contrast condition,
this resulted in 120 trials (Fig. 3.2D, Fig. 3.4D, Fig. 3.7B, E). When all trials of the gray
condition were considered, this resulted in 63 trials (Fig. 3.2E, F, G, Fig. 3.4E, F, G,
Fig.3.7C, F).

Visual inspection of the resulting trial-by-trial MUA and gamma values suggested
that they could generally be described as a linear increase, or a linear decrease, or
a combination of those two with a relatively well-defined break point in between.
Furthermore, as discussed in the results and discussion sections, visual inspection
suggested that the break point occurred at approximately trial number 4 to 20, times
the number of bar-contrast conditions that was relevant for the respective analysis.
Finally, we intended to treat all data as uniformly as possible. Therefore, we fitted the
data with two linear regression lines, separated at a break point that was constrained
to lie at trial 4 to 20, times the number of bar-contrast conditions that was relevant
for the respective analysis. The number of bar contrast conditions that was relevant
for the respective analysis was seven for the all-trials condition (Suppl. Fig. 3.2 and
Suppl. Fig. 3.3), six for the red condition (Fig. 3.2A, B, C; Fig. 3.4A, B, C; Fig. 3.7A, D),
one for the gray condition (Fig. 3.2E, F, G; Fig. 3.4E, F, G; Fig. 3.7C, F), and also one for
the red condition after averaging over bar-contrast conditions (Fig. 3.2D; Fig. 3.4D;
Fig. 3.7B, E). The decision about the precise trial constituting the break point was
made objectively by using the approach described in (Bogartz 1968). This approach
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is one version of a segmented linear regression. The algorithm iteratively considers
each trial as a potential break point, and subsequently selects that trial as break point
that minimizes the sum of the squared errors of the two regression lines.

PPC analysis

Local neuronal synchronization was assessed by calculating the Pairwise Phase
Consistency (PPC) (Vinck, van Wingerden et al. 2010) between MUA and the LFP
(Fig. 3.6), as implemented in the FieldTrip toolbox (Oostenveld, Fries et al. 2011). For
each session, respectively for each laminar-probe penetration, we calculated PPC
between all combinations of MUA and LFP from all selected recording sites, except
between MUA and LFP from the same recording site. This latter exclusion was made
to minimize spectral bleeding of spikes into the LFP. We used the “unipolar”LFP, i.e.,
the LFP referenced against the laminar-probe shaft. Subsequently, the MUA-LFP PPC
was averaged over site-pair combinations. PPC was based on Fourier transforms of
the MUA and the LFP during the task period and trial groups as described in the
results section.

Statistical analysis

Statistical testing was performed (1) for the segmented linear regressions
quantifying the trial-by-trial MUA or gamma responses (Fig. 3.2, 3.4, 3.7, Suppl. Fig.
3.2, Suppl. Fig. 3.3), (2) for the simple linear regression quantifying the trial-by-trial
MUA or gamma responses in the very few trials with color or grating patches
(Suppl. Fig. 3.5), (3) for the comparison of MUA change time courses, LFP change
spectra, or MUA-LFP PPC spectra between late and early trial groups, including
correction for multiple comparisons across time points or frequencies (Fig. 3.3, 3.5, 3.6,
Suppl. Fig. 3.4).

Regarding the statistical tests for case (1): The segmented linear regression was
performed on the observed trial-by-trial data, giving two observed regression
slopes. Subsequently, the trial numbers were randomized, and the segmented
linear regression repeated, and this randomization was performed 1000 times.
The slopes obtained across randomizations were collected in two randomization
distributions, one for each segment. Per segment, we first determined whether
the observed slope was positive or negative and then determined the number of
randomization slopes with the same sign that exceeded the observed slope. This
number was divided by the total number of randomizations and multiplied by two,
and the resulting value was taken as p-value of a two-sided test.
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Regarding the statistical tests for case (2): This followed the same approach as
case (1), except that the regression was not segmented, but performed across all of
the few available trials.

Regarding the statistical tests for case (3): We first obtained the observed
difference time course or observed difference spectra of the late minus the early
trial group. Subsequently, we randomly exchanged trials between the late and the
early trial groups and recalculated the differences, and this was performed 1000
times. Importantly, for each randomization, only the minimal and the maximal
difference - across all time points or frequencies - was retained and placed into the
minimal randomization distribution and the maximal randomization distribution,
respectively. The 2.5 percentile of the minimal randomization distribution and the
97.5" percentile of the maximal randomization distribution were taken as thresholds
for statistical significance at a false-positive level of 5%, including correction for the
multiple comparisons across time points or frequencies, respectively (Nichols and
Holmes 2002).
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Summary

The scientific questions that motivated this thesis work mainly revolved around
revisiting in a new light some long-standing concepts in neuroscience: the rhythmic
activity in the gamma-band and the neuronal spiking (as in a continuous MUA
trace), and the relationship they entertain with each other. These concepts were
investigated in the context of gamma-rhythmic gain modulation of the MUA, by
revisiting an older study on the same topic (Ni, Wunderle et al. 2016) in Chapter 2,
and in the context of a stimulus repetition paradigm, in Chapter 3. Whilst the study
presented in Chapter 2 managed to replicate the results of the original Ni, Wunderle
et al. (2016) only partially, the study presented in Chapter 3 yielded interesting new
insights on the topic of stimulus repetition, expanding the notion of this paradigm
to consider behaviorally relevant reward prediction effects.

Gamma rhythmic gain modulation

Chapter 2 focused on assessing the effect of gamma-band oscillatory activity on
neuronal gain, and if this effect could correspond to a multiplicative modulation,
and also on trying to define the absolute phase of this modulation, and the model of
gain modulation - input or output - put in place by gamma on V1 cortical neurons.
The experimental paradigm involved triggering the activation of a strong gamma-
band rhythmic activity with the use of a red-colored FSCB, and then testing how the
phase of this gamma rhythm impacted on the neuronal response to the presentation
of a test stimulus, a black bar, at a random time. It was possible to demonstrate that
gamma band activity rhythmically modulates the neuronal gain, replicating the
2016 study findings, but not that this effect is specific to gamma, since significant
modulation was exerted also by alpha beta and high gamma frequency bands. The
absolute preferred phase of the modulation imposed by gamma ranged always
between -30° and +30°. The evidence that mid-level contrasts, like 40% contrast,
were subject to the highest phase modulation effect indicated that the modulation
model imposed by gamma on MUA was consistent with an input-gain model, even
though this could not be unequivocally demonstrated.

Stimulus repetition effects

Chapter 3 reported a study about the effect of stimulus repetition. The study
presented serendipitous observations for the set of stimuli that were included
in the visual stimulation paradigm used in Chapter 2: the FSCB in red or gray
color, and the FSCB with the superposition of a black bar. The effect of stimulus
repetition was studied on both oscillatory activity in the gamma band, and MUA.
The effects reported in this study were surprising, as they were opposite to the
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results commonly described in classical literature about repetition for a plethora
of different stimuli and stimulation conditions (Brunet, Bosman et al. 2014, Peter,
Stauch et al. 2021, Stauch, Peter et al. 2021, Psarou, Parto-Dezfouli et al. 2025).
Gamma-rhythmic activity is classically described as mainly increasing — sometimes
after an initial decrease - with stimulus repetition, while in the context of Chapter 3
study, it was steadily decreasing, after an initial set of trials that showed increase in
gamma band power, for both the FSCB and the FSCB in combination with the black
bar. The opposite pattern of results was observed for the MUA: while it is classically
described to decrease over the course of repetitions, it was steadily increasing after
an initial decrease (the latter only for some conditions). Interestingly, the reported
results reverted again when isolating the effect of the black bar from the FSCB,
and went back to classical results where gamma band activity is increasing while

neuronal spiking (MUA) is decreasing.

Considerations and future perspectives for gamma
rhythmic gain modulation studies

Chapter 2 revealed that gamma-band activity multiplicatively modulates gain affecting
neuronal sensitivity, with a model consistent with an input gain. Some considerations
will be presented here regarding the gamma-band gain modulation. First, some
observations will be made about the specificity feature of the gain modulation
predicted by CTC, recalling what was explained in the Gain modulation and gamma-
band oscillatory activity paragraph, and in the Mechanisms implementing gain
modulation paragraph in Chapter 1. Then, the input gain feature of the modulation
will be discussed. Finally, because frequencies other than gamma were also found to
modulate MUA gain, some considerations will be expressed on the topic.

Gamma-rhythmic gain modulation, stimulus specificity, and input
gain model

The Gain modulation and gamma-band oscillatory activity paragraph in Chapter 1,
described some predictions stemming from the CTC hypothesis about the kind of
modulatory influence that gamma-band activity would impose on the neuronal
gain. Specifically, one of these predictions regarded the fact that gamma band
activity should be able to implement gain modulation with a mechanism that
would manage to keep stimulus specificity, and act on the precise synaptic input
carrying information about a specific stimulus. Nevertheless, in the Mechanisms
implementing gain modulation paragraph, several currently known mechanisms
were listed to describe how a modulation of the neuron’s I/O response curve can
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be put in action, and it emerged that a mechanism that would implement gain
modulation on a specific input to the cell is not known or has not been described
yet. The mechanisms mentioned were, for example, a change in the neuron’s V _,
GABAergic inhibitory activity like shunting inhibition, or the regulation of the
synaptic input drive to a neuron. These mechanisms are capable of implementing
different kinds - input, output, multiplicative, additive - of gain modulation, but
all of them affect the post-synaptic neuron as a whole, or at least they affect the
cumulative input drive to the cell, without providing any distinction between single
synaptic inputs to the neuron that participate to the global summed input drive.
Shunting inhibition, to mention one, is thought to act on the apical dendrite of a
neuron, close to the soma (Callaway 2004, Bartos, Vida et al. 2007, Ferguson and
Cardin 2020), so it will influence the overall input drive that is constituted by the
single synaptic inputs the neuron summed all together. It could be argued that top-
down synapses synapsing onto bottom-up synapses could be able to specifically
modulate the gain of the latter (Callaway 2004), but this would require that top-
down synapses’ activation pattern contain information that is typically carried by
the top-down ones. Moreover, this hypothesis would still leave open the problem
of the combinatorial explosion of synapses that would be required to represent
every possible stimulus —selective gain modulatory projection combination to
achieve gain modulation specificity, as more extensively argued in the introduction
of Katsanevaki, Bastos et al. (2023). Evidently, a convincing cellular-level mechanism
capable of implementing an input-specific gain modulation has not been described
yet, and it was also not possible to investigate this aspect with the results at our
disposal in this dissertation. One hypothesis that is possible to advance considering
the CTC framework is based on the idea of multiplexing. The synaptic input related
to a specific stimulus could entertain a preferential relationship with the inhibition
clock timing the reset of each gamma cycle, via a temporal channel. This means
that the inhibitory neurons involved in the generation of a gamma cycle act, so
to say, as gatekeepers, and the input relative to the specific stimulus could be
sent forward at a preferential time point, right before the gate favoring synaptic
integration is closed by inhibition. This could explain the specificity feature of the
gain modulation effect, but further research on the topic will be needed to shed
light and try to bring evidence to support this prediction from CTC.

Stimulus-specific modulation of the neuronal gain has to be distinguished from
the feature of non-changing stimulus selectivity implied in the definition of
multiplicative gain modulation. While both concepts refer to an aspect of “stimulus
specificity”, this assumes a very different meaning in the two contexts. The stimulus-
specific modulation of the neuronal gain described above and in Chapter 1,
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is a prediction stemming from CTC, related in particular to the implementation of
selective attention processes at neuronal level. In this case, gain modulation must
be selective, or specific, for the attended stimulus and not change. On the other
hand, gain modulation of the multiplicative kind is described as a transformation
that affects neuronal sensitivity to a stimulus, without affecting stimulus selectivity
(see also Chapter 1). This entails the preservation of the tuning curve of a neuron
that has in this sense to keep its specificity, or selectivity, so that the curve does not
change. Regarding the latter aspect, consistency in neuronal stimulus selectivity
related to multiplicative gain modulation was not directly tested in Chapter 2 with
appropriate task conditions: this could represent an interesting follow up study to
the results reported in this thesis.

Lastly, the study in Chapter 2 revealed that the modulation imposed by gamma
is consistent with an input response model, rather than an output one. This is
also in line with the predictions stemming from CTC (Fries 2009), as rhythmic
synchronization in time windows of few milliseconds guaranteed by gamma
rhythm, not only affects the efficacy of local spike output by grouping the action
potentials in windows of excitability, but also affects the input to the local
network engaged in gamma activity, because the inhibitory cells activate cyclically
inhibiting the involved postsynaptic cells, hence the input gain modulation. An
output gain modulation model would impact on the spiking output of the local
network, by multiplicatively scaling it according to gamma phase, and this would
probably represent a less energy efficient mechanism to potentiate neuronal
response, because the gamma rhythm already increases the efficacy of the spiking
output by grouping it according to its phase.

Rhythmic-gain modulation: frequency ranges other than gamma,
local circuits and stimuli

The gamma rhythmic gain modulation study showed that frequency bands other
than gamma were significantly modulating the neuronal gain in a multiplicative
way. While some potential explanations of this phenomenon were elucidated
already in the Discussion section of Chapter 2, it is interesting to connect these
findings to one of the basic properties of the brain-wide oscillatory activity
described in the Chapter 1 of this thesis, which is the tendency of brain rhythms to
act in concert one with the other (Buzséki and Draguhn 2004, Canolty, Edwards et
al. 2006). Brain rhythms can be nested into each other, specifically, slower rhythms
will tend to create rhythmic scaffolds where faster rhythms can be embedded,
and therefore be modulated or reset. Brain rhythms can also engage in complex
interactions due to cross-frequency coupling, and this way support the encoding of
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nested relations so to represent complex objects (Buzsaki, Logothetis et al. 2013).
In this light, modulation of the neuronal gain could be studied and interpreted as
a result of the interaction of multiple frequency bands, rather than associated to
the specific activity of a single one. Future experiments specifically tailored to this
scope will be necessary to address the topic and shed further light on the possibility
that modulation of the neuronal gain is supported by the interaction of multiple
frequency bands.

Another important point to further investigate in the future, in order to reach a
convincing explanation of the phenomena observed in Chapter 2, lies in the
precise structure of the circuits generating gamma band oscillation, and the type
of inhibitory cells participating to the rhythmic activation. As mentioned in Chapter
1, the specific cell types involved in the generation of gamma-rhythmic activity in
NHP have not been extensively studied yet, so it will be crucial to elucidate more
details about the cellular composition of the local circuits. In addition to this, it will
also be of importance to broaden the understanding of the role of lateral and long
range connections in local circuits, by connecting their anatomical connectivity
and functional implications with the effects here described, since these kind of
connections can strongly impact the gamma rhythmic synchronization and the
modulation of the neuronal gain (Vinck and Bosman 2016). One initial step directed
towards this goal in the context of the studies presented in the current dissertation
could be to analyze layer specificity of the effects described here, and put them in
relation with the literature describing primate V1 structural architecture in terms
of feedback and feedforward connections and neuronal types (Callaway 1998,
Callaway 2004).

The two points indicated above, about the necessity of further studies to fully
elucidate the brain mechanisms leading to the results described in Chapter 2,
will have to be considered together with the possibility that the effect witnessed
in the context of this experiment are due to the specific conditions of the visual
stimulation used. A full-screen background and a full-screen background in
conjunction with a black bar represent a set of stimuli which is quite different from
those used in other studies, with effects that might diverge from those described
in the study that has been here replicated, which used traditional gratings (Ni,
Wunderle et al. 2016). More in general, the stimulation protocols used to investigate
aspects of the visual system and the processing of the stimuli, have always been of
a very artificial kind, significantly distant from the everyday stimulation conditions
the brain is commonly subject to in the process of vision. This represents a caveat
for the interpretation and the generalization of these findings. In the future, it will
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be necessary to reproduce the results described here and in the previous studies
with more naturalistic stimulation conditions, in order to make more general
and possibly more valid claims about the nature of the functioning of the brain.
The studies conducted under more unnatural stimulation conditions will offer
anyways valid insights, because they could serve to test in case of more extreme
stimulation conditions the validity of certain hypotheses made under naturalistic
condition testing.

Surprising repetition effects: more on the relation with
classical studies and the reward prediction framework

The study about stimulus repetition presented in Chapter 3 led to interesting
serendipitous findings, opposite to the ones classically described by repetition
related studies. It is necessary to stress that the study was not tailored to the scope
of investigating repetition effects, so in the future it will be necessary to carry
out more research to evaluate again the findings that are presented in Chapter 3,
and control with a better precision all the variables that could have played a role
in determining the results opposite to the classical literature. In any case, some
interesting considerations can be made in the context of this study about stimulus
homogeneity and reward prediction.

Repetition in the context of stimulus homogeneity and mechanistic
models of brain computational efficiency

The experimental task described in Chapter 3 can be considered homogeneous for
its structure, as the same stimuli in the same order of presentation were repeated
over and over again in each trial during the course of a recording session. Many
studies have described the resulting brain responses to the presentation of stimuli,
or to stimulation conditions that can be considered homogeneous in time and/
or in space for some of their constitutive features. Neuronal responses in terms of
firing rate and gamma band oscillatory activity were investigated in many contexts
involving at least one aspect of stimulus homogeneity, for example: temporal
consistency, like in the case of the continuous uninterrupted presentation of the
same stimulus for long time intervals (Peter, Uran et al. 2019), or spatial continuity,
like in the case of large uniform surfaces (Shirhatti and Ray 2018, Peter, Uran et al.
2019), and even homogeneity in terms of stimulation structure, like in the case of
the repetition studies (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch,
Peter et al. 2021, Psarou, Parto-Dezfouli et al. 2025). Interestingly, all of these studies
conducted in different conditions, but with the common factor of investigating
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some kind of stimulus-related feature of homogeneity, reported consistently a
reduction in neuronal firing rates concomitantly to an increase in gamma band
activity power and/or even coherence between brain areas.

Mechanistic models were hypothesized to describe these activity patterns,
all converging around the idea that gamma-rhythmic activity would support
computational processes in the context of reduced firing rates, optimizing the
computation by reducing energy consumption. Hence, stimulus repetition effects
are associated with an efficient processing of the sensory stimuli that is maintained
by increasing the temporal precision of the lower spike number thanks to the
oscillatory activity in the gamma range, so that behavioral performance results are
not affected (Grill-Spector, Henson et al. 2006, Gotts, Chow et al. 2012). Similarly,
for spatially homogeneous stimuli, Vinck and Bosman (2016) hypothesized that
gamma synchronization reflects contextual integration processes, so that gamma
increases when input to the central RF can be predicted by the surround, because it is
homogeneous to it. At a cellular level, a mechanism was also hypothesized to explain
how the increase in gamma synchronization and/or power could be accompanied by
the reduction in neuronal firing rates (Stauch, Peter et al. 2021). E — | neurons involved
in the generation of the gamma cycle will tend to fire in a temporally alternating
sequence, reinforcing their connection, while other e neurons of the network not
involved in the gamma cycle would be firing asynchronously or even be inhibited, so
that the connection with the E — | gamma generating loop would be weakened and
consequently, the global firing rate reduced (see also Chapter 1).

How do the findings from Chapter 3 relate with the classical findings of the
repetition literature, and with the mechanistic and cellular models described above?
The results from the repetition of an FSCB and an FSCB with a superimposed black
bar show a decrease of power in the gamma band together with an increase of MUA
spiking activity over the course of many trials. It seems that the E - | connections
responsible for the generation of the gamma cycle in the cellular model described
above are not being reinforced, therefore the other e neurons not connected to
the gamma cycle do not get as strongly inhibited due to their asynchronous firing,
and consequently are free to increase their activity rate, acting independently
from the gamma cycle in a de-synchronized way. The de-synchronization was
also demonstrated by the LFP-MUA PPC analysis results presented in Chapter 3.
On one hand, the de-synchronization could be due to some kind of fatigue or
interference mechanism acting on interneurons. Inhibitory interneurons are mostly
responsible for the activation of a gamma cycle, therefore their weakening paired
with an increased spiking of the excitatory cells might indicate some kind of effect
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of inhibition of the inhibition or fatigue weighing on the interneurons that reduces
the power of the gamma-band activity, while letting neuronal spiking increase
freely. On the other hand, it is possible that the de-synchronization between the
firing and the gamma activity is due to some sort of feedback connection sending
information from higher cortical areas. To expand this concept, it is necessary to first
remember that situations of heightened firing rate paired with lower gamma-band
activity power are usually connected with center-surround information mismatch
in the recorded RF (Peter, Uran et al. 2019). Moreover, it is helpful to highlight that in
the trial structure of the experiment presented in Chapter 3, the presentation of the
black bar in the RF generates a mismatch in the uniform FSCB that precedes it. It is

therefore possible that mismatch anticipation mechanisms due to trial history and
based on feedback information sent by higher cortical areas could be put in place,
thereby generating a heightened MUA activity and decreased gamma band power.

Interestingly, Peter, Uran et al. (2019) already had noted that when a FSCB is
consistently presented for long periods of time during one trial, gamma band power
weakened. In this case, two factors could play a role in determining the reduction
of gamma power, namely the size of the stimulus as a full-screen colored surface,
or the prolonged presentation of the FSCB, for a total of 3.3 seconds. Further
analyses clarified that the effect witnessed was due to stimulus history, so to the
prolonged presentation, rather than its size. Anyways, it is interesting to notice how
two types of stimulus homogeneity were at play in this context: homogeneity in
space, as for the full-screen surface, and homogeneity in time, as the prolonged
presentation. Similarly, in the context of the Chapter 3 experiment, where the
reduction in gamma power was found, several features of the visual stimulation on
top of the repeated presentation could be addressed as homogeneities of a certain
kind: the full-screen surface, as homogeneity in space, the prolonged presentation
of the FSCB (1.4 to 1.7 s in the case of Chapter 3 experiment) as homogeneity in
time. A fascinating new perspective for future investigation could be to study these
different kinds of stimulus homogeneity together and how they affect each other
and the neuronal response.

Repetition and reward prediction

The specific stimulus features that could have caused the effects of Chapter 3 were
already discussed in the Chapter 3 Discussion. The last point that was made in that
context was that the most plausible explanation for the opposite effects found for
the FSCB stimuli repetition was that the FSCB is in fact less relevant for the brain as it
is not predictive of the upcoming behavioral reward, while on the contrary the black
bar is, and this is why the results are reverted again to classical when analyzing the
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effect of the black bar in isolation. This finding indicates that probably repetition
effects on gamma-band activity and MUA spiking are not fixed, but are modulated
by contextual factors such as reward prediction. The role of reward in modulating
repetition effects can be positioned in a broader framework of evidence supporting
that attention and reward can modulate gamma synchronization by boosting
task-relevant information and concomitantly suppressing irrelevant inputs (Fries,
Reynolds et al. 2001, Fries 2005, Bosman, Schoffelen et al. 2012, Fries 2015).
Reward prediction, in the sense of the prediction of the reward associated with
the behavioral response to an attended stimulus, has been shown to selectively
enhance gamma coherence between visual areas, suggesting that gamma
synchronization may serve as a flexible mechanism for prioritizing behaviorally
relevant stimuli (Bosman, Schoffelen et al. 2012). Moreover, it has been shown that
gamma synchronization is actively regulated depending on behavioral goals and
reward contingencies (Fries, Reynolds et al. 2001, Bastos, Vezoli et al. 2015). These
findings support the notion that repetition effects might not be a consequence of
the sensory stimuli alone, but are instead determined and modulated by contextual
factors such as, in the case of the current experiment, reward prediction. The
modulation of repetition effects could be a general mechanism through which
the brain efficiently allocates processing resources to behaviorally relevant stimuli
(Fries 2005, Fries 2015). Future studies will need to add experimental proof to this
hypothesized mechanism.

General final considerations

Many of the findings highlighted in this thesis work will require further experiments
to be fully elucidated and clarified. Notably, both Chapter 2 and Chapter 3 results’
Discussions led to address a common set of mechanisms that may underlie the
observed effects—mechanisms that remain interesting open topics for future
investigation. Two aspects stand out in particular: the local circuit structure that
represents the biological substrate generating neuronal responses to stimuli, and
the central role of inhibitory interneurons. On one hand, the structure of local
circuits and their reciprocal connections in conjunction with feedback, lateral and
long-range network connections, represent the anatomical substrate of neuronal
activity: clarifying this structure and describing it in detail will lead to a better
understanding of the resulting neuronal activity. On the other hand, studying brain
activity, it is fascinating to notice how neuronal responses and the mechanisms
proposed in various contexts to explain cognitive outcomes revolve around the
organization of the neuronal spiking through inhibition. Inhibition sets itself as
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one of the most important regulating principles of the brain, because it is capable
of building a temporal structure to organize an otherwise dysregulated excitatory
firing activity. More insights on these two interesting aspects of brain anatomical
and functional structure could lead the way to a deeper understanding of the brain
computation in relation to the visual system, LFP power in the gamma band, MUA,
and beyond.
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A1 - Dutch Summary

Deze thesis is het resultaat van experimenteel onderzoek uitgevoerd in het Fries lab,
met als doel het neurowetenschappelijke begrip te vergroten van hoe de hersenen
informatie coderen en doorgeven. Alle experimenten werden uitgevoerd in een
niet-menselijk primaten (NHP) experimenteel model en omvatten intracraniéle
opnames van neuronale activiteit in de vorm van lokale veldpotentialen (LFP’s)
en multi-unit activiteit (MUA), in het primaire visuele hersengebied V1, terwijl het
dier wakker was en een fixatietaak uitvoerde. Het onderzoek richtte zich op het
herzien van twee goed bestudeerde onderwerpen in de neurowetenschappen,
namelijk de oscillatoire hersenactiviteit in het gamma-bereik (=40-90 Hz) en de
neuronale piekactiviteit, en op het verder verduidelijken van hun onderlinge relatie
en hun gedrag onder specifieke stimulatiecondities. In dit kader werden twee
wetenschappelijke vragen onderzocht:

1.  Hoe moduleert gamma-ritmische activiteit de gain van de MUA-respons op
een visuele stimulus?

2.  Hoe gedragen de gamma-bandoscillatoire activiteit en MUA zich in de context
van onconventionele stimulusherhaling?

Vraag 1 werd behandeld in Hoofdstuk 2 door een eerdere studie (Ni, Wunderle et al.
2016) te herzien met een nieuw stimulatieparadigma en nieuwe analysemethoden.
Het onderzoek beoordeelde het effect van de fase van gamma-bandoscillaties op de
modulatie van de MUA-gain in reactie op een visuele stimulus. De werkhypothese
van de studie was dat gamma een multiplicatieve modulatie van de gain oplegt,
dat wil zeggen dat gamma in staat is de gevoeligheid van neuronen voor een
stimulus te veranderen. Het multiplicatieve karakter van dit gain-modulatie-effect
houdt in dat de MUA-respons op de presentatie van een stimulus niet kan worden
beschreven als louter een som van een constante stimulusrespons opgeteld bij
gammafasen van hogere of lagere prikkelbaarheid, bepaald door de lopende
gamma-oscillatie. De studie karakteriseerde ook de modulatie die door het
gamma-ritme op MUA werd opgelegd door het model te identificeren (input- of
output-gain) volgens welk gamma de MUA-gain moduleert, en bepaalde daarnaast
de absolute fase van gamma-modulatie.

Vraag 2 werd behandeld in Hoofdstuk 3 en herzag eveneens eerdere bevindingen,
namelijk dat stimulusherhaling er doorgaans toe leidt dat de vuursnelheden in V1
afnemen en de gamma-activiteit toeneemt. Het idee om het gedrag van gamma-
bandoscillatoire activiteit en MUA in relatie tot stimulusherhaling opnieuw te onder-
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zoeken ontstond door de overvioed aan trials die tijdens de opnames werden
verzameld, en door de vaststelling dat de visuele stimuli die in het paradigma van
Hoofdstuk 2 werden gebruikt onconventioneel waren en nog niet in verband met
het herhalingseffect waren bestudeerd. Klassieke studies over stimulusherhaling
rapporteerden consequent dezelfde resultaten voor gamma-oscillatoire activiteit en
MUA (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021, Stauch, Peter et al. 2021,
Psarou, Parto-Dezfouli et al. 2025). Daarom had de studie tot doel te beoordelen of
de klassieke effecten ook konden worden teruggevonden voor de nieuwe set visuele
stimuli die in Hoofdstuk 2 werd gebruikt.

De bevindingen van het onderzoek worden tot slot besproken. Er worden over-
wegingen gepresenteerd over de noodzaak om vervolgonderzoek uit te voeren om
rekening te houden met storende variabelen. Er worden enkele gedachten geuit
over de generaliseerbaarheid van de resultaten en de reproduceerbaarheid van

de studie. Ten slotte worden de belangrijkste vragen die uit de twee onderzoeks-
hoofdstukken naar voren komen en die richting kunnen geven aan toekomstig
onderzoek beschreven.
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A2 - English Summary

This thesis is the result of experimental work conducted in the Fries lab, to the
end of broadening the neuroscientific understanding of how the brain encodes
and transmits information. All the experiments were carried out in a non-humane
primate (NHP) experimental model, and involved intra-cranial recordings of
neuronal activity in the form of local field potentials (LFPs) and multi-unit activity
(MUA), in the primary visual cortical area, V1, while the animal was awake and
performing a fixation task. The research work carried out focused on revisiting
two well-studied topics in neuroscience, namely the brain oscillatory activity in
the gamma range (=40-90 Hz), and the neuronal spiking activity, and on further
clarifying the relationship they entertain with each other and their behavior in
particular stimulation conditions. To this end, the scientific questions that were
addressed in the thesis were mainly two:

1. How does gamma rhythmic activity modulate the gain of the MUA response
to a visual stimulus?

2. How do gamma band oscillatory activity and MUA behave in the context of
unconventional stimuli repetition?

Questions 1 was addressed in Chapter 2 by revisiting a previous study (Ni, Wunderle
et al. 2016), with a new stimulation paradigm and new analysis methods. The study
assessed the effect of gamma-band oscillation phase on the MUA gain modulation
in response to a visual stimulus. The working hypothesis of the study was that
gamma imposes a multiplicative gain modulatory effect, i.e. that gamma is capable
of changing the neurons’ sensitivity to a stimulus. The multiplicative nature of this
gain modulation effect entails that the MUA response to the presentation of a
stimulus cannot be described as a mere sum of a constant stimulus response added
on top of gamma phases of higher or lower excitability determined by the ongoing
gamma oscillatory activity. The study also characterised the modulation imposed
by the gamma rhythm on MUA by identifying the model, input or output gain,
according to which gamma is modulating the MUA gain, and assessed the absolute
phase of gamma modulation.

Question 2 was addressed in Chapter 3 and also revisited previous findings,
namely that stimulus repetition typically leads to V1 firing rates to decrease and
gamma activity to increase. The idea to re-investigate the behavior of gamma-band
oscillatory activity and MUA in relation to stimulus repetition stemmed from the
abundance of trials collected during the recordings, and from the realization that
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the visual stimuli presented in the paradigm used in Chapter 2 were unconventional
and had not yet been studied in relation to the repetition effect. Classical studies
about stimulus repetition consistently reported the same results for gamma-
oscillatory activity and MUA (Brunet, Bosman et al. 2014, Peter, Stauch et al. 2021,
Stauch, Peter et al. 2021, Psarou, Parto-Dezfouli et al. 2025), so the study aimed to
assess if the classical effects could be found for the novel set of visual stimuli used
in Chapter 2.

The findings of the research work are finally discussed. Considerations about the
necessity to conduct further studies to account for confounding variables are
presented. Some thoughts are expressed regarding result generalizability and
study reproducibility. Finally, the main questions emerging from the two research
chapters to lead to future investigation are described.
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A3 - Data Management

Ethical approval

All the procedures described in this thesis involving the use of experimental
animals were carried out in compliance with the German and European law for
the protection of animals (EU Directive 2010/63/EU for animal experiments).
The housing conditions for the NHP also complied with the abovementioned
law. The experimental and surgical procedures described in Chapter 2 and
Chapter 3 were reviewed and approved by the German regional authority, the
Regierungsprasidium Darmstadt.

Findability and Accessibility

The raw data collected and analyzed for the studies in Chapter 2 and Chapter 3 are
stored in in the archive of the Ernst Stringmann Institute (ESI) for Neuroscience in
Cooperation with Max Planck Society in Frankfurt am Main, (Germany), where the
experiments were conducted and the data were collected.

Interoperability and Reusability

The MUA and LFP raw and preprocessed trial data used in the analysis, together
with the custom MATLAB (Chapter 3) and Python (Chapter 2) code used to analyze
the data have been documented and stored in the archives of the Ernst Stringmann
Institute (ESI) for Neuroscience.

The preprocessed data used in Chapter 2 and Chapter 3 can be provided upon
reasonable request.
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A4 - Abbreviations

(In alphabetical order)

AM
BOLD
Cco
CR
CTC
dva
E-1I

EPSP
fMRI
FOOOF
FSB
FSCB
GABA
-1

1/0
ING
IPSP
L1

L2
L3
L4
L5
L6
LFP
LGN
MD
MM
MUA
NHP
oM
PING
PPC

Additive modulation

Blood-oxygenation level dependent (response or imaging)
cytochrome oxidase

Constant response

Communication through coherence
degrees of visual field

Excitatory — inhibitory network of neurons
excitatory neuron connected to a network
excitatory neuron NOT connected to a network
Excitatory post-synaptic potential
functional magnetic resonance imaging
fitting-oscillations-and-one-over-f method
Full-screen background
Full-screen-colored background
Gamma-aminobutyric acid

inhibitory — Inhibitory network of neurons
inhibitory neuron connected to a network
Input-output (referred to input-output response curve of a neuron)
Interneuron-network gamma

Inhibitory post-synaptic potential

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

Local field potential

Lateral geniculate nucleus

Modulation depth

Multiplicative modulation

Multi-unit activity

Non-human primates

Ongoing modulation
Pyramidal-interneuron network gamma
Pairwise phase consistency metric



PV*
RF
RR
RT
SR
SST
STDP
sTP
TP
V1
V2
V4
VIP

Parvalbumin-positive interneurons
Receptive field

Repetition-related response ratio
Reaction times

Stimulus-related response ration
Somatostatin-expressing interneurons
Spike time-dependent plasticity
surrogate time point

time point

Visual area 1 (Primary visual area)
Visual area 2

Visual area 4

Vasoactive intestinal peptide expressing interneurons
Membrane potential
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A6 - Acknowledgements

I have been trying to start writing these acknowledgements about a million times,
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Donders Graduate School

For a successful research Institute, it is vital to train the next generation of scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour
established the Donders Graduate School in 2009. The mission of the Donders
Graduate School is to guide our graduates to become skilled academics who are
equipped for a wide range of professions. To achieve this, we do our utmost to ensure
that our PhD candidates receive support and supervision of the highest quality.

Since 2009, the Donders Graduate School has grown into a vibrant community
of highly talented national and international PhD candidates, with over 500 PhD
candidates enrolled. Their backgrounds cover a wide range of disciplines, from
physics to psychology, medicine to psycholinguistics, and biology to artificial
intelligence. Similarly, their interdisciplinary research covers genetic, molecular,
and cellular processes at one end and computational, system-level neuroscience
with cognitive and behavioural analysis at the other end. We ask all PhD candidates
within the Donders Graduate School to publish their PhD thesis in de Donders Thesis
Series. This series currently includes over 600 PhD theses from our PhD graduates
and thereby provides a comprehensive overview of the diverse types of research
performed at the Donders Institute. A complete overview of the Donders Thesis
Series can be found on our website: https://www.ru.nl/donders/donders-series

The Donders Graduate School tracks the careers of our PhD graduates carefully. In
general, the PhD graduates end up at high-quality positions in different sectors,
for a complete overview see https://www.ru.nl/donders/destination-our-former-
phd. A large proportion of our PhD alumni continue in academia (>50%). Most of
them first work as a postdoc before growing into more senior research positions.
They work at top institutes worldwide, such as University of Oxford, University of
Cambridge, Stanford University, Princeton University, UCL London, MPI Leipzig,
Karolinska Institute, UC Berkeley, EPFL Lausanne, and many others. In addition, a
large group of PhD graduates continue in clinical positions, sometimes combining
it with academic research. Clinical positions can be divided into medical doctors,
for instance, in genetics, geriatrics, psychiatry, or neurology, and in psychologists,
for instance as healthcare psychologist, clinical neuropsychologist, or clinical
psychologist. Furthermore, there are PhD graduates who continue to work
as researchers outside academia, for instance at non-profit or government
organizations, or in pharmaceutical companies. There are also PhD graduates
who work in education, such as teachers in high school, or as lecturers in higher
education. Others continue in a wide range of positions, such as policy advisors,
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project managers, consultants, data scientists, web- or software developers,
business owners, regulatory affairs specialists, engineers, managers, or IT architects.
As such, the career paths of Donders PhD graduates span a broad range of sectors
and professions, but the common factor is that they almost all have become
successful professionals.

For more information on the Donders Graduate School, as well as past and
upcoming defences please visit: http://www.ru.nl/donders/graduate-school/phd/
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