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Abstract

Neuromodulation of neocortical microcircuits is one of the most fascinating
and mysterious aspects of brain physiology. Despite over a century of re-
search, the neuroscientific community has yet to uncover the fundamental
biological organizing principles underlying neuromodulatory release. Phy-
logenetically, Acetylcholine (ACh) is perhaps the oldest neuromodulator,
and one of the most well-studied. ACh regulates the physiology of neu-
rons and synapses, and modulates neural microcircuits to bring about a
reconfiguration of global network states. ACh is known to support cognitive
processes such as learning and memory, and is involved in the regulation
of arousal, attention and sensory processing. While the effects of ACh in
the neocortex have been characterized extensively, integrated knowledge of
its mechanisms of action is lacking. Furthermore, the ways in which ACh
is released from en-passant axons originating in subcortical nuclei are still
debatable. Simulation-based paradigms play an important role in testing
scientific hypotheses, and provide a useful framework to integrate what is
already known and systematically explore previously uncharted territory.
Importantly, data-driven computational approaches highlight gaps in cur-
rent knowledge and guide experimental research. To this end, I developed a
multi-scale model of cholinergic innervation of rodent somatosensory cortex
comprising two distinct sets of ascending projections implementing either
synaptic (ST) or volumetric transmission (VT). The model enables the pro-
jection types to be combined in arbitrary proportions, thus permitting inves-
tigations of the relative contributions of these two transmission modalities.
Using our ACh model, we find that the two modes of cholinergic release act
in concert and have powerful desynchronizing effects on microcircuit activ-
ity. Furthermore we show that this modeling framework can be extended
to other neuromodulators, such as dopamine and serotonin, with minimal
constraining data. In summary, our results suggest a more nuanced view of
neuromodulation in which multiple modes of transmitter release - ST vs VT
- are required to produce synergistic functional effects.

Keywords: Acetylcholine, Neuromodulators, Neocortex, Models, Simu-
lation, Projections, Synaptic Transmission, Volumetric transmission



Abstract

La neuromodulazione dei microcircuiti corticali € uno degli aspetti piu af-
fascinanti e misteriosi della fisiologia cerebrale. Nonostante pit di un secolo
di ricerche, la comunita neuroscientifica deve ancora svelare i fondamentali
principi biologici che sottendono al rilascio neuromodulatorio. Filogenetica-
mente, 'acetilcolina (ACh) ¢ forse uno dei neuromodulatori piu antichi, e
uno dei piu studiati. ACh regola la fisiologia di neuroni e sinapsi e mod-
ula i microcircuiti neurali per realizzare una riconfigurazione globale delle
reti neurali. ACh & nota per la modulazione che apporta a processi cog-
nitivi come 'apprendimento e la memoria, ed & coinvolta nella regolazione
dell” attenzione, degli stati di allerta e nell’elaborazione degli stimoli senso-
riali. Nonostante gli effetti di ACh in neocorteccia siano stati ampiamente
caratterizzati, manca tuttora una conoscenza integrale dei suoi meccanismi
d’azione. Inoltre, le modalita attraverso le quali ACh e rilasciata da assoni
en-passant provenienti da nuclei sotto-corticali sono ancora oggetto di di-
battito. Modelli computazionali e simulazioni giocano un ruolo importante
nel testare ipotesi scientifiche e offrono la possibilita di integrare nozioni
preesistenti per poter esplorare sistematicamente territori precedentemente
sconosciuti. Gli approcci computazionali basati su dati biologici evidenziano
le lacune nella letteratura e aiutano a guidare la ricerca sperimentale. A
tal fine, ho sviluppato un modello dell’innervazione colinergica della cortec-
cia somatosensoriale del ratto, costituito da due tipi di proiezioni distinte,
implementando la trasmissione sinaptica e quella volumetrica. Il modello
permette di combinare i due tipi di proiezioni nelle proporzioni desider-
ate, consentendo quindi di indagare i relativi ruoli delle due modalita di
trasmissione. Utilizzando il nostro modello del rilascio di ACh, abbiamo
scoperto che le due modalita di trasmissione del segnale colinergico agis-
cono in sinergia e hanno potenti effetti di desincronizzazione sull’attivita del
microcircuito. Inoltre, mostriamo che il modello puo essere aumentato per
includere altri neuromodulatori, come la serotonina e la dopamina, purché
siano disponibili i dati biologici di partenza. In sintesi, i nostri risultati
suggeriscono che sia ora di introdurre una visione della neuromodulazione
piu sfumata, nella quale molteplici modalita di rilascio sono necessarie per
produrre effetti funzionali sinergici.

Keywords: Acetilcolina, Neuromodulatori, Neocorteccia, Modelli, Sim-
ulazioni, Proiezioni, Trasmissione sinaptica, Trasmissione volumetrica
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Neuromodulation of the neocortex

The vertebrate brain is an incredibly complex structure that exists for the
purpose of coordinating all the other organs in the body, creating the sense
that the animal is a coherent unit, capable of navigating the external world
and maximize their chances of survival and the generation of fertile offspring.
In order to do that, evolution set up a centralized information-processing
machine that resides in the cephalic region of vertebrates and is responsible
for the coordination of sensori-motor loops (whether visceral or somatic)
which ultimately encapsulate behavior. The mammalian brain, in particu-
lar, was subject to evolutionary pressures that endorsed an extensive and
unprecedented development of telencephalic cortical regions that we now la-
bel as neocortex, a term that highlights the novelty of this structure. A key
feature of the neocortex is that it is organized in six layers and that it sits
on top of all other brain structures, hiding them from view. Moreover, the
neocortex can be subdivided in multiple areas that seem to be involved in
specific forms of cognitive processing (sensory processing, decision-making,
associative memory etc.) and importantly, motor planning. All of these
operations are orchestrated by ensembles of neuronal (and glial) cells that
are connected to each other.

The process by which cells organized in a network communicate is de-
fined as neurotransmission. There exist two main forms of neurotransmis-
sion in the central nervous system (CNS) which are supported by specific
signaling molecules secreted by neurons: glutamate (GLUT) and gamma
amino-butyric acid (GABA). While GLUT is prevalently an excitatory neu-
rotransmitter (NT) , GABA plays an inhibitory role in the adult neocortex.
Although the proportion of excitatory neurons is much larger, inhibitory
neurons take part in the regulation of their excitatory counterpart and show



considerable diversity [Markram et al., 2004]. Excitatory and inhibitory
neurons are arranged in neural circuits that support a vast assortment of
cognitive and motor operations, ultimately sustaining behavior.

In an ever-changing environment, there emerges a need for animals to
constantly switch between behavioral states [Lee and Dan, 2012], which are
in turn associated with wide-spread changes in global neural activity. The
high-dimensional coordinate system that characterizes the activity of a brain
at a given moment in time can be defined as brain state [Kringelbach and
Deco, 2020]. Brain states in a broad sense can be referred to for instance,
as states of sleep, wakefulness, alertness etc. and they are dynamical by
nature. One proposed mechanism that supports transitions between brain
states is a physiological process known as neuromodulation. Neuromodu-
lation is a form of neurotransmission in that it involves the secretion of a
signaling molecule that is released by one neuron and that binds and reacts
with receptors present on the surface of other neurons, thus regulating their
activity.
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Figure 1.1: An example of neuromodulatory transmission: cholinergic trans-
mission

However, it differs from classic neurotransmission because it acts via a
wide variety of receptors, whose activation can lead to diverse effects in dif-
ferent contexts. Thus, it’s not possible to predict the ultimate effect of the
release of a neuromodulator on a cell, without knowing the target cell-type,



the receptor types involved and even the current state of the network. Given
their broad-ranging actions, neuromodulators (NMs) are ideal candidates to
support the reconfiguration of neural networks and to govern transitions
between brain states. NMs are also involved in regulating the activity of
glial cells, and can be released through the blood stream [Marder, 2012],
thus influencing the activity of multiple organs in the body. In the brain,
NMs reconfigure neural circuits and tremendously alter their output. More
in general, they add astonishing richness to the dynamics of neural circuits
and are involved in the fine-tuning of network activity. Neuromodulation ex-
traordinarily complexifies our understanding of brain circuits and astounds
our wish for linear and straightforward answers to how the brain works.
Given the high complexity of neuromodulatory systems, the effort to dis-
entangle the effects of neuromodulation in the neocortex has posed a great
challenge for the neuroscientific community, so much that wide gaps are still
present in the literature.

1.1.2 Acetylcholine as a use-case

cortex

hippocampus
thalamus
striatum

A A A A A

ACh HA DA 5-HT NA
Ventra] |ocus
basal forebrain| | TM nucleus tegmental dorsal raphe coeruleus
(BF) (TMN) area (DR) (LC)
(VTA)

Figure 1.2: Five major neuromodulators in the CNS

There exist five major neuromodulators in the CNS: acetylcholine (ACh),
dopamine (DA), serotonin (5-HT'), noradrenaline (NA) and histamine (HIS).
A key feature of neuromodulatory systems is that they mainly originate
from subcortical structures or neuromodulatory regions: the basal forebrain



complex (BF) secreting ACh, the substantia nigra and the ventral tegmental
area (SN and VTA) releasing DA, the dorsal raphe nucleus (DR) in the case
of 5-HT, the locus coeruleus (LC) where NA is synthesized and the tubero-
mammillary nucleus (TMN), regulating the production of histamine.

Acetylcholine is the most well-studied neuromodulator, and its effects
on neocortical cells and synapses have been extensively researched [Munoz
and Rudy, 2014]. The cholinergic system comprises projections to the cor-
tex originating mainly in the nucleus basalis of Meynert (NBM) of the BF
complex and cortical choline acetyl-transferase (ChAT) positive cells. The
NBM in turn receives cholinergic projections from the laterodorsal tegmen-
tum (LTD) and the peduncolo-pontine tegmentum (PPT) in the brain stem.
The role played by ACh in network states transitions has been characterized
to a large extent: ACh has a desynchronizing effect on neural microcircuits
that supports specific cognitive functions such as attention and memory.
More in general, ACh levels in the cortex correlate with enhanced alert-
ness and arousal, and heightened sensory processing [Anaclet et al., 2015] .
Thus, while it is clear that ACh modulates cortical states, we are still lacking
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Figure 1.3: Behavioral correlates of ACh

an understanding of how its local effects on cell types and synapses bring
about the documented network desynchronization. Furthermore, there is
no factual agreement in the neuromodulation community on what even are
the effects of ACh on cell-types, perhaps also because classification of cell-

10



types in the brain is still a matter of debate. Another important aspect of
cholinergic modulation is its transmission mode, which remains controver-
sial [Picciotto et al., 2012]. In this case, the discussion is focused on whether
ACh signaling occurs via wired (synaptic) or diffuse (volumetric) transmis-
sion: cholinergic synapses are difficult to find in the neocortex, but evidence
of fast cholinergic signaling contradicts these observations. Additionally, a
reliable quantification of extracellular levels of ACh is still lacking [Coppola
et al., 2016], although some research groups have estimated that it might
lie between the (high) nanomolar to (low) micromolar range. Therefore, we
still do not know how ACh impacts cell types, how and how much of it is
released in the neocortex, and how this whole process can lead to network
desynchronization.

1.1.3 Reconstructing and simulating neuromodulation

Therefore, it is crucial to fill in the knowledge gaps about cholinergic modula-
tion with state-of-the-art tools. Computational models play an increasingly
important role in testing scientific hypotheses. A recent data-driven digital
model of the microcircuitry of juvenile rat somatosensory cortex [Markram
et al., 2015] uses anatomical and physiological rules derived from sparse
experimental data to algorithmically reconstruct neocortical tissue. Identi-
fying rules and principles of organization provide constraints to build models
of ion channels, single cells, synaptic dynamics and microcircuits at different
levels of granularity. The ‘building blocks’ models can then be integrated to
create a multi-scale digital replica of an ensemble of cortical columns, that
is, a virtual brain slice. This unifying framework enables a systematic explo-
ration of how ACh is released in the neocortex, regulates the physiology of
local neurons and synapses and how these changes shape the emergence of
global network states. To record electrical or synaptic activity from a great
number of neurons at the same time is still quite a challenging task, and
even if it were possible to study the effect of cholinergic modulation on every
cell-type, the occurrence of volume transmission would not be considered in
the picture, given that it is very hard to detect the levels of physiological
extracellular ACh concentrations and therefore, virtually impossible to accu-
rately replicate the phenomenon in vitro. Supercomputer-based simulations
therefore turn the understanding of the brain into a more tractable prob-
lem, providing a new tool to study the complex interactions within different
levels of brain organization.

1.2 Thesis outline

This thesis is structured as several chapters:

e Chapter 1 - Introduction: an overview of the high-level motiva-
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Figure 1.4: The neural microcircuit model: a biologically detailed model of
the neocortical microcircuit
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tions for this thesis, that is, the problem of bridging the gap between
sparse datasets and the necessity to integrate all that is known in a
comprehensive framework, with particular attention to the fact that
this approach is remarkably well suited to address the problem of un-
derstanding neuromodulation in the cortex.

Chapter 2- Literature review: in this chapter, I review and sum-
marize extensively the state-of-the-art literature on cholinergic mod-
ulation of the neocortex and identify gaps in the current knowledge
with the aim of developing a comprehensive map of the effects of ACh
to guide experimental and theoretical research. This review was pub-
lished in Frontiers in neural circuits [Colangelo et al., 2019).

Chapter 3- Modelling neuromodulation: a first-draft data-
driven digital model: In this chapter, after a brief overview where 1
re-frame the research question highlighted in the Introduction chapter
in the light of the recent advances in modelling and simulation-based
paradigms, I present a first-draft data-driven model of cholinergic neu-
romodulation. This published study [Ramaswamy et al., 2018] was
conducted in the early stages of this project, and serves as a proof of
concept that it is possible to build multi-level models of neuromodu-
lation and integrate them in a coherent framework to have a chance
to study otherwise technically challenging aspects of the problem.

Chapter 4 — Modelling neuromodulation: a multi-scale frame-
work to model cholinergic release The assumptions on which a
model rests can be re-visited as long as they are supported by ex-
perimental data, so this chapter presents a study that builds on the
data-driven framework described in Chapter 3 by refining it with ad-
ditional data and further assumptions. In addition, we predict the
relative functional contributions of two release modalities - synaptic
vs volumetric - on cortical computation.

Chapter 5 — Discussion and concluding remarks An extended
commentary on the results discussed in the preceding chapter with
a discussion on the limitations of our modelling approach and future
directions of this research.

13



Chapter 2

Cellular, synaptic and
network effects of ACh in the
neocortex

Cristina Colangelo, Polina Shichkova, Daniel Keller, Henry Markram and
Srikanth Ramaswamy

Front. Neural Circuits, 12 April 2019
https://doi.org/10.3389/fncir.2019.00024

2.1 Abstract

The neocortex is densely innervated by basal forebrain (BF') cholinergic neu-
rons. Long-range axons of cholinergic neurons regulate higher-order cogni-
tive function and dysfunction in the neocortex by releasing acetylcholine
(ACh). ACh release dynamically reconfigures neocortical microcircuitry
through differential spatiotemporal actions on cell-types and their synaptic
connections. At the cellular level, ACh release controls neuronal excitabil-
ity and firing rate, by hyperpolarizing or depolarizing target neurons. At
the synaptic level, ACh impacts transmission dynamics not only by alter-
ing the presynaptic probability of release, but also the magnitude of the
postsynaptic response. Despite the crucial role of ACh release in physiology
and pathophysiology, a comprehensive understanding of the way it regu-
lates the activity of diverse neocortical cell-types and synaptic connections
has remained elusive. This review aims to summarize the state-of-the-art
anatomical and physiological data to develop a functional map of the cel-
lular, synaptic and microcircuit effects of ACh in the neocortex of rodents
and non-human primates, and to serve as a quantitative reference for those
intending to build data-driven computational models on the role of ACh in
governing brain states.
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2.2 Introduction

The cholinergic system is one of the most well-studied neuromodulatory
systems, and perhaps phylogenetically the oldest. Acetylcholine (ACh) is
found in both vertebrates and invertebrates and together with adrenaline
and noradrenaline (NA), it acts as one of the main effectors of the auto-
nomic nervous system. In the central nervous system (CNS), ACh impacts
cellular and synaptic physiology and may switch network dynamics result-
ing in behavioral transitions such as from sleep to wakefulness, distraction
to attention, and learning and recall [Hasselmo and Sarter, 2011, Lee and
Dan, 2012]. Cholinergic effects have been studied for more than a century.
In 1869, Schmiedeberg and Koppe [Schmiedeberg and Koppe, 1869] demon-
strated how extracts of a common mushroom, Amanita muscaria, could
slow, and at a higher concentration arrest the beat of the frog heart. They
purified the extract and named it muscarine. This substance, when applied
to the brain and spinal cord was able to produce flaccidity and weaken the
peripheral reflexes. However, the pharmacology of the nitrite ester of choline
was different in that it had considerable nicotinic activity (nicotine is the
major alkaloid of tobacco, first isolated by Posselt and Reiman from Nico-
tiniana tabacum leaves in 1828; [Koukouli et al., 2017]. In 1921 experimental
proof was obtained for ACh’s role as a chemical transmitter at the cardiac
vagal endings. The active substance was initially named “vagusstoff” by
Otto Loewi in 1921 [Loewi, 1924]. Sir Henry Dale further described that
muscarinic responses were antagonized by atropine, whereas the nicotine ac-
tions were antagonized by curare [Dale, 1914]. It has long been known that
ACh is also present at the level of the CNS, however, it was not until 1953
that evidence of the release of ACh in the brain was provided [Eccles et al.,
1953]. Prior to this discovery, it was known that anti-cholinergic drugs could
influence learning and memory—pharmacological activation of muscarinic
ACh receptors (mAChRs) was known to produce delirium symptoms, while
receptor blockade generates severe anterograde amnesia. Moreover, the de-
mentia of Alzheimer’s and Parkinson’s diseases has been associated with the
loss of cortical cholinergic innervation [Little, 1998, Giacobini, 2003, Sabri
et al., 2008, Hasselmo and Sarter, 2011], and chronic administration of nico-
tine reverses hypofrontality in animal models of addiction and schizophrenia
[Koukouli et al., 2017].

Classical notions sustain the view that the central cholinergic system
works by a diffuse release of ACh across the cortex, activating its receptors
globally and producing slow responses. While this view might be applica-
ble to long-lasting behavioral phenomena, such as cortical arousal, it does
not explain the modulation of processes that happen on a much faster scale,
such as sensory gating, or plasticity [Munoz and Rudy, 2014]. ACh release in
the neocortex originates from neurons distributed within the basal forebrain
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(BF) nuclei, including the medial septum, the vertical and horizontal diag-
onal band of Broca, the substantia innominata, and the nucleus basalis of
Meynert (NBM). Release occurs through topographical projections, and all
the projections arise from six groups of choline acetyl-transferase (ChAT)-
positive neurons in the BF (Ch1-Ch4) and brainstem (Ch5-Ch6) [Wevers,
2011]. The innervation sparsely reaches all cortical layers, but layer 5 is more
heavily innervated, particularly in the motor and sensory areas; cholinergic
pathways often provide en passant innervation [Dani and Bertrand, 2007]
to the neocortex. Additionally, ACh-releasing cells are found in cortical
layer 2/3. These cells exhibit a bipolar morphology, stain positive for cal-
retinin (CR) and vasoactive intestinal peptide (VIP), and are GABAergic
[Engelhardt et al., 2007, Granger et al., 2018]. The function of a neuro-
modulatory system is largely defined by the anatomy of its projections.
Projections from the BF selectively control cortical activity and target neo-
cortical regions more specifically than previously assumed [Hasselmo and
Sarter, 2011, Munoz and Rudy, 2014, Obermayer et al., 2017]. Recent evi-
dence suggests that a roughly topographical organizational scheme exists in
the rostro-caudal sequence of neurons of the BF [Zaborszky et al., 2015a]
and that specific BF nuclei innervate specific cortical areas, as opposed to
what happens with noradrenergic fibers originating from the locus coeruleus
[Chaves-Coira et al., 2016, Kim et al., 2016]. Cholinergic fibers can take one
of four different routes to cortical structures: the septal pathway (which
projects mainly to the hippocampal cortex) the medial pathway, the lateral
pathway, or the internal capsule projection (which preferentially project to
the neocortex; [Poorthuis et al., 2014]. Cholinergic terminals that reach the
neocortex, mainly via layer 1 or layer 6 [Obermayer et al., 2017], can either
exert a spread out control of cortical activity and regulate processes such as
the transition from sleep to wakefulness and arousal, or contact a restricted
number of cortical elements and have cell-type specific effects; here contex-
tual cholinergic signals act in concert with local processing of sensory inputs
in order to guide behavior. The aim of this review is to bring together cur-
rent knowledge of cholinergic modulation in the neocortex and to identify the
gaps to propose future directions to advance the field of neuromodulation.
Here, we summarize existing literature on ACh release in the neocortex of
rodents and non-human primates, specifically focusing on how ACh-induced
effects on the diversity of cell-types and synapses shape the emergence of
network states and review theories that bridge the modulation of local cir-
cuit properties and the consequent reconfiguration of cortical states. Data-
driven computational models allow predictions on the potential role of ACh
in reconfiguring neocortical states [Ramaswamy et al., 2018]. Therefore, this
review reconciles the minimal, although sparse, datasets required to build a
multi-scale computational model of the neocortical cholinergic system.
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2.3 Volume vs synaptic transmission

A major factor that determines the spatiotemporal precision of ACh action
is the transmission mode at cholinergic terminals. Cholinergic cortical sig-
naling has historically been considered a slow and diffuse process, which was
established upon examination of the functional organization of cholinergic
projections and was mainly based on reports indicating a nearly complete
absence of classical synapses at the level of cholinergic terminals [Munoz
and Rudy, 2014]. Before optogenetic techniques were available, cholinergic
pathways could not be activated in a selective manner, and thus evidence
of the existence of fast cholinergic synaptic transmission was lacking, al-
though some proof of fast nicotinic responses was already available from
hippocampal recordings [Kalmbach et al., 2012, Obermayer et al., 2017].
In the cerebral cortex, cholinergic fibers are distributed in an intricate net-
work with a characteristic laminar pattern. They have a higher density in
the deeper layers. Cholinergic innervation reflects the classic organizational
scheme of information processing systems [Kennedy and Bullier, 1985], with
a higher number of projections being present in higher-order areas. Pre-
sumed cholinergic release sites have been ultra-structurally inspected and
the subtle presence of synapse-like contacts has indeed been revealed; how-
ever, a relatively large number of these small varicosities, which are often
associated with accumulated synaptic vesicles, do not seem to effectively
establish synaptic contact with neighboring neurons, or exhibit only a few
morphologically identifiable synapses Furthermore, the scarceness of astro-
cytic processes in the immediate vicinity of ChAT-immuno-reactive axons
(when compared to glutamatergic terminals) may also allow greater diffusion
of ACh within the extracellular space [Aoki and Kabak, 1992]. Thus, rela-
tively low concentrations of ACh will reach locations that are distant from
the release site. This produces volume transmission or bulk release: neuro-
modulators slowly diffuse in a wide cortical area and bind to a large pool
of extra-synaptic receptors [Dani and Bertrand, 2007]. Many studies [Um-
briaco et al., 1994, Descarries and Mechawar, 2000, Sarter et al., 2009, Ya-
masaki et al., 2010] conducted in the neocortex have suggested that ACh
acts preferentially non-synaptically; however, central cholinergic synapses
had already been observed in the early ‘90s. Actual synapses were found on
cholinergic varicosities in the cingulate cortex of the rat [Umbriaco et al.,
1994], and in macaque more than 40 percent of cholinergic varicosities con-
tained synaptic specializations [Mrzijak et al., 1995]. Later, [Turrini et al.,
2001] provide definitive evidence that suggests that synaptic mechanisms
of cholinergic transmission not only exist but prevail in the rat neocortex.
Ultrastructural observations that most (66 %) cholinergic boutons—as re-
vealed by IR assays for the specific cholinergic marker, vesicular ACh trans-
porter (vAChT)—establish classical synapses in layer 5 of the rat parietal
cortex. By applying an improved fixation protocol and by using an anti-
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body for vAChT, Turrini and others demonstrated that cholinergic boutons
predominantly established symmetric synapses on layer 5 dendritic shafts.
The authors also found that immuno-stained varicosities occasionally estab-
lished asymmetric contacts, but always on dendritic spines. Another study
probed the molecular-anatomical relationship between detectable choliner-
gic varicosities and the most abundant receptor subtype in the cortex—the
muscarinic receptor subtype M1 [Yamamoto et al., 2010]. This study estab-
lished that in the mouse neocortex M1 can be found almost exclusively on
the extra-synaptic membrane of pyramidal cells (PCs). Here, they observed
that M1 distribution is far denser than the putative cholinergic release sites
and that it does not show any apposition pattern to the varicosities, nor
to the cytomatrix active zone proteins that are normally found at gluta-
matergic terminals. Hence, M1’s function in cortical PCs may be to sense
ambient ACh released from cholinergic terminals at variable distances, and
the main modality through which it is recruited is likely to be volume trans-
mission. These approaches not only contribute to building a more refined
knowledge of the subcellular localization of receptor subtypes but also pro-
vide a method to qualitatively discriminate between two major modes of
transmission. Because of a substantial difference in the distribution pattern
of cholinergic receptors across species, it is very likely that experiments per-
formed in different species will yield conflicting results. For instance, even
though a low incidence of classical synapses was reported for the rodent
brain, a much higher proportion of cholinergic synapses was found in pri-
mates [Smiley et al., 1997]. In the human cerebral cortex, the same authors
found that up to 67 % of all cholinergic varicosities established synaptic
contacts, suggesting that ACh signaling in humans is mostly mediated by
point-to-point synaptic transmission; this mechanism appears to prevail in
the primate brain, but whether the same can be said for rodents is still a
matter of open debate.

Cholinergic innervation from the BF is more specific than previously con-
sidered; ACh can control cortical activity on a fine spatial scale as well.
Indeed, these findings agree with the evidence of ACh signaling occurring
through direct fast point-to-point synaptic transmission brought about by
the application of optogenetic tools [Kalmbach et al., 2012]. Overall, it
is not completely clear yet whether one mode of cholinergic transmission
prevails over the other. Instead, a growing body of evidence suggests that
volume and synaptic transmission may be complementary mechanisms by
which ACh modulates cortical function [Sarter et al., 2009]. While bulk
release is thought to cause a more tonic change in extracellular ACh con-
centration, in the scale of seconds and minutes, and is mainly mediated by
activation of extra-synaptic receptors, ACh release occurring at junctional
sites would have a more circumscribed influence, with the modulation of
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circuit activity being restricted to the contacted cortical elements and to a
much more delimited spatiotemporal scale [Munioz and Rudy, 2014]. Taken
together, evidence shows that ACh modulates microcircuit activity with dif-
ferent modalities, ranging from synaptic release to volume transmission, and
exerts its effects by modifying membrane excitability or synaptic activity.
Instead of trying to proclaim one modality over the other, future research
should address the issue of whether they can occur simultaneously and have
a differential impact on the temporal aspects of the response.

Traditional bath application of agonists results in broad spatial and tem-
poral activation that might not reflect the accuracy of endogenous ACh
release [Urban-Ciecko et al., 2018]. It is thus of crucial importance to de-
termine whether the different ways in which cholinergic agonists are experi-
mentally applied reflect different transmission modalities, and how faithfully
stimulation protocols replicate physiological conditions. In the future, ACh
application should be standardized according to precisely obtained dose-
response and sensitization kinetics curves, and ascending concentrations
should be used in order to detect eventual dose-dependent responses. Fur-
thermore, it would be of outstanding interest to better understand how ACh
release obtained by optogenetic stimulation of cholinergic afferents compares
against bath application of cholinergic agonists. In a recent study, optoge-
netic recruitment of cholinergic fibers was performed in parallel with 1 mM
ACh bath-application to detect changes in Martinotti cells (MCs) activity:
the two techniques yielded very similar results [Obermayer et al., 2018]. Per-
haps the high concentration of ACh used in this case is comparable with a
more physiological activation of the cholinergic system. Further clarification
is required on the matter, and future studies should, therefore, consider this
issue and design their experiments accordingly. Cholinergic projections are
likely to be arranged according to a modular pattern, with isolated bands
of neighboring ChAT™ cells in the BF having defined cortical targets that
are, in turn, functionally associated. When retrograde dyes are injected
in distant cortical areas, labeled regions of cholinergic cells in the BF still
largely overlap, even though the innervated cortical space is quite restricted
[Mutioz and Rudy, 2014]. Furthermore, [Zaborszky et al., 2015b] assert that
the degree of overlap of labeled neuronal locations within the BF is posi-
tively correlated to the connection strength between the different injected
cortical regions. Such an organization could induce widespread modulation
even when the system is only focally activated [Munoz and Rudy, 2014].
Nevertheless, the response to neuromodulatory inputs is determined by the
interplay of multiple factors, such as post-synaptic target, receptor type
and subunit composition, subcellular localization of the receptors and their
sensitivity. This way, a diffusely-organized projection system can fine-tune
microcircuit activity. The cholinergic projection system should be viewed
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as a highly dynamic structure, able to propagate inputs either selectively or
diffusely, switching from one modality to another, depending on the needs.
The next section aims to unravel the contribution of each subtype of cholin-
ergic receptor to microcircuit modulation and attempts to determine the
physiological relevance of their compartmentalized distribution and differ-
ential activation.

2.4 Cholinergic receptors

Even though the differential pharmacological effects had already been char-
acterized, it was not until the early 1950s that the idea of “receptors” as the
binding site for ACh was firmly established by [Eccles et al., 1953]. Choliner-
gic receptors are composed of two classes of transmembrane macromolecular
complexes, the muscarinic and the nicotinic receptor families, each of which
is further divided into subclasses. The occurrence of many ACh receptor
subtypes and their differential dendritic, somatic, axonal, and synaptic lo-
calization contribute to the varied roles that these receptors play in the CNS.
Cholinergic receptors have been found on axons originating from thalamic,
cortical or basalo-cortical fibers as well as on cortical pyramidal excitatory
neurons and inhibitory GABAergic interneurons [Groleau et al., 2015]. The
precise layer-wise distribution of cholinergic terminals, the identification of
cell-types that actually express cholinergic receptors, and the subcellular
localization of these receptors are described in the following sections.

2.4.1 Muscarinic receptors

Cholinergic synapses throughout the CNS are composed of muscarinic re-
ceptors (mAChRs), which can be further differentiated into subtypes that
are encoded by a single gene [Venter et al., 1988, Van der Zee and Luiten,
1999]. Five genetically defined and pharmacologically characterized (M1
to M5) mAChR subtypes have been identified in the CNS with high lev-
els of expression in subcortical structures and the cerebral cortex [Wevers,
2011]. Immunocytochemical approaches have identified different levels of
expression of mAChRs throughout the cerebral cortex. These studies have
detected moderate levels of mAChRs in the frontal cortex, parietal cortex,
temporal cortex, entorhinal cortex, occipital cortex, insular and cingulate
cortex, with the highest values for the temporal and occipital cortex. M1 re-
ceptors are the most abundantly expressed among all subtypes of mAChRs
[Wevers, 2011]. The density of cholinergic terminals in the rat neocortex
differs between the six layers and depends on the cortical region studied
[Eckenstein et al., 1988, Lysakowski et al., 1989]. The pattern of cellular
staining for mAChRs in the neocortex is characterized by a clear lami-
nar distribution: in most of the cortical mantle, especially in neocortical
areas, predominantly layer 5 PCs (L5PCs) show strong immunoreactivity
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across mammals such as the mouse, golden hamster, rat, cat, and human
[Van der Zee and Luiten, 1999]. The density of each mAChR subtype differs
throughout the brain with M1 being the most abundantly expressed and
M5 the least [Alger et al., 2014]. In the hippocampus and neocortex, M1
is present at high levels, M3 is moderately represented (though generally
low elsewhere) and M4 is present in high density, as almost anywhere else
in the brain, even though its concentration is considerably lower than M1.
M2 instead, is found at very low densities, and this class of receptors seems
to be distributed according to a precise pattern. M2 receptors frequently
reside on presynaptic axonal terminals, whereas M1 receptors are often lo-
cated on somato-dendritic regions of neurons. The M5 subtype is believed
to play an important role in cortical perfusion, and it is mainly expressed
on endothelial cells of the cerebral vascular system [Elhusseiny and Hamel,
2000, Gericke et al., 2011] even though recent evidence suggests that the
M3 subtype is also involved in this kind of process [Zuccolo et al., 2017].
In the rodent visual cortex, the subtypes M1 and M2 predominate, while
in primates the subtypes M1, M2 and M4 prevail. Besides a few regional
variations, highest labeling densities have been observed in the superficial
layers of most cortical areas for both M1 and M2 [Wevers, 2011].

Most cholinergic receptors are metabotropic and mediate slow responses,
which are typically associated with volume transmission. In the neonatal
and adult cortices of rodents and primates, M1-M5 subtypes of mAChRs
occur in both pre-synaptic and post-synaptic positions [Mrzljak et al., 1993,
Groleau et al., 2015]. All mAChRs are transmembrane macromolecular
complexes that are coupled to membrane-embedded G-proteins of differ-
ent kinds; g-proteins act as intracellular effectors and initiate signaling cas-
cades that ultimately have an effect on intracellular processes, leading to the
opening or closing of some ion channel, or to the production of long-term
modifications of genetic activity and protein expression. Different mAChRs
are coupled to specific G-proteins. The pre-synaptic mAChRs M2 and M4
preferentially couple to G and Gg proteins that generally have inhibitory
effects on voltage-activated calcium channels or extend the opening of potas-
sium channels. The resulting decrease in c-AMP signaling suppresses neu-
rotransmitter release [Groleau et al., 2015]. M1, M3 and M5 subtypes are
preferentially coupled to G4 and Gy proteins and are mainly located post-
synaptically. Their activation seems to trigger membrane depolarization and
increases the input-resistance of the cell membrane. M1-like (M1-M3-M5)
receptors are known to potentiate NMDA currents and also influence and
modulate voltage-dependent calcium currents, mostly by upregulating phos-
pholipase C (PLC) signaling and inositol triphosphate (IP3) turnover. One
major effect that can be attributed to M1-type receptors is the inhibition of
potassium currents, including the I, and the Ipagp (both medium and slow
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rate). However, M1-type receptors can also potentiate cationic currents like
the I;, and the TRP currents, and the Icat(Teles-Grilo Ruivo and Mellor,
2013). For a more detailed description of the effects of ACh on various
currents and their associated intracellular signaling pathways, we direct the
reader to the section “Subcellular Nicotinic and Muscarinic Pathways” of
this review.

Cell type Receptor Effect Area Technique —Reference
L5 PC M1 (soma) Transient hyperpolarization Rat PMCAA/PFC Optogenetics (Hedrick and Waters, 2015)
M1 (soma) Slow depolarization Rat PMCA/A/PFC 1. Optogenetics (Hedrick and Waters, 2015)

2. Somatic puff 100 pM ACh/CCh (Gulledge and Stuart, 2005)
3. 100 uM ACh focally appiied (Gulledge et al., 2007)

M1 (soma) Hyperpolarization Rat SSC 100 uM ACh focally applied (Gulledge et al., 2007)
M1 (soma) Depolarization Rat mPFC 30 jum muscarine or axofremorine bath application (Haj-Dahmane and
Andrade, 1996)
L23pPC Muscarinic Depolarization Mouse V1 In vive 2-photon imaging (Alitto and Dan, 2013)
Muscarinic Prolonged depolarization Rat EC layer Il 100 mM CCh bath application (Shalinsky et al., 2002)
M2-M4 Hyperpolarization Mouse SSC Optogenstics (Dasgupta et al., 2018)
(p12-p16)
L4 PC M2-M4 Persistent hyperpolarization Rat SSC 100 pM ACh, puff (Eggermann and Feldmeyer, 2008)
L4 58S M4 (soma) Persistent hyperpolarization Rat SSC 100 pM ACh, puff (Eggermann and Feldmeyer, 2009)
L1BC Muscarinic Depclarization Mouse V1 in vivo 2-photon imaging (Alitto and Dan, 2013)
L1 DBC Muscarinic Depolarization 1. Mouse V1 1. In vivo 2-photon imaging (Alitto and Dan, 2013}
2. Rat PFC 2. 10 pM CCh or 3 pM muscarine bath application (Kawaguchi, 1997)
23 DBC M2 1. Hyperpolarization 1. Rat88C 1. 100 M ACh focally applied (Gulledge et al., 2007)
2. Hyperpolarization + slow 2. RatPFC 2,10 pM CCh or 3 pM muscarine bath application (Kawaguchi, 1997)
depolarization
23 MC M1-M3 Depolarization Mouse SSC 1. Mufioz et al. (2017; M1- M3 KO lines)
2. Optogenetics (Dasgupta et al., 2018)
Muscarinic Depolarization Mouse V1 1 u/10 mM ACh application (Chen et al., 2015)
L23BC Not responsive (NR) 1. Rat SSC 1. 100 uM ACh focally applied (Gulledge et al., 2007)
2. Rat PFC 2. 10 )M CCh or 3 pM muscarine bath application (Kawaguchi, 1997)
L5BC NR Rat SSC 100 wM ACh focally applied (Gulledge et al., 2007)
L5 MC Muscarinic NR/slight depolarization Rat SSC 100 pM ACh focally applied (Gulledge et al., 2007)

The tabie links the distribution and focalization (when known, in brackets) of muscarinic receptors across neccortical cell fypes, with respect to cortical layers, with the effect of their
activation. The effact of recaptor activation is represented in terms of variation of membrane potential. Age of the specimen is given in brackets, when known. When biphasic effacts
oceur, they are listed as multiple effects. Inclusion criteria for the listed studies comprise: (1) recordings performed in the rodent neccortex; (2) knowledge of the morphological type
involved; and (3) knowledge of the receptor subtype invoived in the response. Abbreviations: PC, pyramidal cell: SS, spiny-stellate call: [N, intemeuron; MC, Martinotti cell: BC, basket
cell; DBC, doubla-bouquet cell NGFC, neurogliaform cell; BPC, bipofar call, NBC, nest basket cell; RS, regular spiking. PMC, primary motor cortex; V1, primary visual area; PFC,
prefrontal cortex; mPFC, medial prefrontal cortex; EC, entorhinal cortex; SSC, soma y cortex, ACh, acetyicholine; CCh, carbachol.

Figure 2.1: Table 1 links the distribution and localization (when known, in brackets)
of muscarinic receptors across neocortical cell types, with respect to cortical layers, with
the effect of their activation. The effect of receptor activation is represented in terms of
variation of membrane potential. Age of the specimen is given in brackets, when known.
When biphasic effects occurr, they are listed as multiple effects. Inclusion criteria for the
listed studies comprise: 1)recordings perfomed in the rodent neocortex, 2) knowledge of
the morphological type involved and 3) knowledge of the receptor subtype involved in
the response. Abbreviations: PC, pyramidal cell; SS, spiny stellate cell; IN, interneuron;
MC, Martinotti cell; BC, basket cell; DBC, double bouquet cell; NGFC, neurogliaform
cell; BPC, bipolar cell, NBC, nest basket cell; RS, regular spiking. PMC, primary motor
cortex; V1, primary visual area; PFC, prefrontal cortex; mPFC, medial prefrontal cortex;
EC, enthorinal cortex; SSC, somatosensory cortex, ACh, acetylcholine; CCh, carbachol

Presynaptic localization

What anatomical and functional evidence exists on the distribution of mAChRs
in the neocortex? Muscarinic cholinergic activity influences sensory process-
ing by facilitating or depressing neuronal responses to specific stimuli, and
by modulating connections strength and neural synchronization: this results
in the fine-tuning of cellular and network properties during developmental
processes, the execution of attention tasks and perceptual learning [Groleau
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et al., 2015]. These effects can largely be attributed to M1 and M2 sub-
types, which appear to be highly prevalent in the neocortex. The presence
of M1 and M2 mAChRs on PC somata and apical dendrites in non-human
primates is well established, but M2 receptors are also found on excitatory
and inhibitory axons in the primate neocortex [Mrzljak et al., 1993]. Disney
et al. [Disney et al., 2006] report that M1 and M2 receptor labeling can be
observed, but is quite weak in axons and terminals in the macaque visual
cortex, whereas mAChRs are mostly expressed at the level of the soma of
GABAergic neurons and in the dendritic compartments of glutamatergic
cells. Among the presynaptic receptors in the rodent and human visual cor-
tex, M2 is very abundant while M4 is less prevalent [Groleau et al., 2015].
M2 and M4 are mostly found at the presynaptic terminals; activation of
these receptor subtypes causes membrane hyperpolarization and conveys a
self-inhibitory signal. Thus, extracellular levels of ACh are regulated by
means of negative feedback. In the rat’s primary visual cortex (V1) M2
is mainly found at the level of cholinergic terminals in layer 4 and layer 5.
Being the main inhibitory auto-receptor, it contributes to the suppression of
presynaptic ACh release [Mrzljak et al., 1993]. It is not yet clear whether the
presence of M2-like subtypes at the level of the presynaptic terminal is a dis-
tinctive feature of cholinergic axons innervating the neocortex. Conflicting
results emerge when looking at rodent studies, while experiments done on
non-human primates and cats corroborate M2 receptors as the main auto-
receptors localized on BF cholinergic axons. Subsequent research should,
therefore, address this issue and determine the extent to which presynaptic
M2-like receptors account for negative feedback via auto-inhibition, since
this type of self-regulatory process is crucial for the fine-tuning of the re-
sponse. Moreover, given that BF fibers originating from distinct neuron
clusters differentially innervate separate cortical areas [Zaborszky et al.,
2015a, Chaves-Coira et al., 2016, Kim et al., 2016], discrepancies should
be expected when assessing receptor subtype distributions across neocorti-
cal regions. Estimation of the physiological presynaptic distribution profile
of inhibitory auto-receptors in the rodent sensory cortex is of key impor-
tance to understanding the system’s self-calibrating features. A systematic
anatomical profiling of receptor expression should be performed in the ro-
dent models, and quantitative comparisons should be made across sensory
areas.

Postsynaptic localization

Neocortical PCs and inhibitory interneurons are strongly innervated by
cholinergic axons, with L5PCs being the most densely innervated cells; how-
ever, numerous immuno-reactive interneurons can be found in all layers, but
most frequently in layer 2/3 and layer 5. Here, the mAChR positive interneu-
rons are intermingled with labeled PCs, but in general, the immunostaining
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of interneurons is less dense than that of the PCs [Van der Zee and Luiten,
1999]. While mAChRs are more easily found in the dendritic compartments
of PCs, their expression profile throughout the diversity of inhibitory in-
terneurons is quite homogeneous, as these receptors are detected in proxim-
ity of the somatic compartment [Disney et al., 2006]. mAChRs are expressed
by different types of interneurons. In macaque, M2 receptors are found in
31 % of PV neurons, 23 % of CB neurons, and 25 % of CR neurons. 87 %
of PV™ neurons, 60 % of CB™ neurons and 40 % of CR* neurons however,
express M1-type mAChRs. The M1 subtype is found across the cortical
mantle on the cell bodies and dendrites of post-synaptic PCs, and it ap-
pears to be present mainly in layers 2/3 and 6, but it can be found across
all cortical layers. In macaque V1, M1 is mostly expressed on GABAergic
interneurons, but it is also found on cortico-cortical fibers [Mrzljak et al.,
1993, Groleau et al., 2015]. M1 immuno-reactivity is also observable in in-
terneurons of the rat neocortex [Levey et al., 1991], although other studies
have pointed to a low expression of M1 in primary sensory cortices of rats,
such as S1 and V1. Some found M1 expression on PV neurons to be low or
even undetectable in mice neocortex [Yamasaki et al., 2010]. The significant
difference in expression between rodents and primates could be explained by
the fact that M1 receptors are much more associated to the extra-synaptic
membrane compartments and are usually activated by volume transmission.
Given that the BF cholinergic projection system is scaled-up in primates
relative to rodents, there could be a more widespread distribution of M1
receptors throughout cortical interneurons. M1 immuno-reactivity is also
detected at the synaptic level, in both inhibitory and excitatory synapses
across cortical layers, but more frequently on asymmetric synapses, and
here, preferentially on dendritic spines, as opposed to symmetric synapses
where M1 is found mostly on dendritic shafts [Mrzljak et al., 1993]. This
preferential distribution perspective is challenged though, by experimen-
tal evidence that cholinergic boutons form synapses mainly with dendritic
shafts, much fewer with dendritic spines and only occasionally on neuronal
somata [Beaulieu and Somogyi, 1991, Mrzljak et al., 1993, Umbriaco et al.,
1994]. However, in mice, the highest density of M1 immuno-particles is
observed in small-caliber oblique dendrites (smaller than 0.66 pm in diam-
eter) of PCs [Yamamoto et al., 2010]. In L5PCs, M2 mAChRs are mainly
localized postsynaptically, where they bring about a decrease in excitatory
conductances, but M2 and M4 receptors are also present on the cell bodies
of GABAergic interneurons in layers 2/3 and 4; here, M2 activation inhibits
GABA release. The M3 subtype is localized postsynaptically in rodent in-
hibitory neurons and dendrites, where it enhances inhibitory transmission
[Mrzljak et al., 1993, Groleau et al., 2015]. Finally, M4 mAChRs are ex-
pressed in cortical excitatory neurons, in particular, in layer 4 spiny stellate
neurons (L4SS) across different neocortical regions—S1, V1, and prefrontal
cortex (PFC)—where they generate a persistent hyperpolarizing response

24



[Radnikow and Feldmeyer, 2018]. Perhaps the presence of M4 mAChRs is a
marker to tell apart layer 4 from other layers. Cholinergic inputs to the cor-
tex generate different responses depending on which receptor is recruited:
while M1-like (M1-M3-M5) receptors activation generally leads to an in-
crease in postsynaptic conductance, M2-like receptors (M2-M4) have the
opposite tendency to decrease synaptic transmission, by regulating presy-
naptic ACh release or by directly hyperpolarizing the post-synaptic mem-
brane.

mAChRs thus seem to be distributed both at the presynaptic and the
postsynaptic level, and the resulting effect depends mostly on which sub-
type is activated. A detailed understanding of the cellular localization of
each receptor subtype for every cell-type is still lacking; some generaliza-
tions can be made (as can be seen in Figure 3), but in order to precisely
understand how neuromodulatory signals affect neural computation, a de-
tailed knowledge of the amount and distribution of receptor subtypes at the
level of each compartment is essential. Furthermore, it is of vital importance
to gather this information for each neocortical cell-type. Neuromodulatory
inputs very likely affect each cell-type differently, unlocking the possibility
of fine-tuning the response and allowing delicate recalibration based on con-
textual information processing. This is most likely achieved by differentially
distributing receptors along cellular compartments, thus creating modula-
tory micro-domains.

Regulation of neuronal and synaptic physiology

ACh can either increase or decrease neurotransmitter release probability,
consistent with its role as a neuromodulator rather than a transmitter, and
the effect on synaptic release probability depends on the identity of the pre
and postsynaptic partners. Cell-types in the neocortex are differentially reg-
ulated by ACh, and the effects of cholinergic release include modulation of
membrane properties (Figure 1) and synaptic dynamics (Figure 2). The
effects of ACh on neocortical PCs have been thoroughly investigated, and
many studies [Gil et al., 1997, Disney et al., 2007] have come to the con-
clusion that besides generating direct PC depolarization, cholinergic modu-
lation has an overall effect of increasing the signal to noise ratio (SNR) of
incoming thalamic inputs. ACh seems to plays a role in enhancing circuit
responses to relevant stimuli, providing a mechanism to regulate sensory
processing during learning and attention.

The involvement of mAChRs in the depolarizing response of PCs to BF
cholinergic inputs has been established by numerous studies [McCormick and
Prince, 1985, Delmas and Brown, 2005, Gulledge and Stuart, 2005, Carr and
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Surmeier, 2007, Zhang and Séguéla, 2010], which report that muscarinic ac-
tivation in PCs leads to an initial SK-mediated hyperpolarization, followed
by a more sustained and slow depolarization (Table 1, Figure 1). Inter-
estingly, the same biphasic response can be induced by bath perfusion of
muscarinic agonists in hippocampal interneurons [Heys et al., 2012, Heys
and Hasselmo, 2012]. The mechanism by which this depolarization emerges
has not been fully clarified yet, but some authors suggest the suppression
of muscarinic-sensitive and voltage-dependent K™ conductance termed the
M current (I,) or the activation of a non-specific cationic current both sup-
port the observed depolarization [McCormick and Prince, 1986, Krnjevié,
2004]. In L5PCs, transient activation of M1l-type mAChRs induces cal-
cium release from IP3-sensitive intracellular calcium stores and subsequent
activation of an apamin-sensitive, SK-type calcium-activated potassium con-
ductance (Gulledge et al., 2007). Conversely, M4-mediated activation of a
potassium conductance (Kirg) in L4SS generates a persistent membrane hy-
perpolarization and induces suppression of neurotransmitter release (Table
1, Figure 1). The observed hyperpolarizing response is supported by a de-
crease in presynaptic calcium conductance, at synapses between L4PCs and
also at synapses between L4PCs and L23PCs (see Table 3, Figure 2; [Eg-
germann and Feldmeyer, 2009]). Focal application of ACh onto the soma
of L5PCs evokes a biphasic response in which a transient membrane hy-
perpolarization precedes a slower and longer-lasting depolarization. Phar-
macological evidence suggests that this effect is mediated by M1 receptors.
Compared with the pressure application of ACh, activation of cholinergic
synapses with brief bursts provides relatively weak activation of mAChRs
that often fails to affect the somatic membrane potential at rest (Hedrick and
Waters, 2015). One possible interpretation of these results might be that
synaptically released ACh activates first nAChRs and usually fails to acti-
vate mAChRs, whereas pressure ejection onto the soma recruits primarily
mAChRs. Muscarinic activation modulates K™ conductances [McCormick,
1992], but the reversal potential for K* is approximately -90 mV: mAChR
activation, therefore, exerts a little effect at resting membrane potential.
However, when a neuron is depolarized, the observable mAChR-mediated
hyperpolarization and subsequent depolarization are larger. The reported
biphasic effect affects both cortico-pontine (CPn) and commissural (COM)
pyramidal neurons; however, COM neurons show a more pronounced in-
hibitory phase, while CPn neurons have a larger and longer-lasting depolar-
izing phase (Baker et al., 2018). While these effects have been characterized
thoroughly in [Baker et al., 2018] deep-layers PCs, others report that ACh
has limited ability to inhibit superficial PCs via changes in membrane po-
tential [Gulledge et al., 2007].
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Cortical inhibitory interneurons are, as well as PCs, a prominent target
of cholinergic neuromodulation. The ways in which ACh modulates the dy-
namics of local interneurons have not been completely clarified yet, because
the effects of BF cholinergic stimulation and bath application of cholinergic
agonists (Table 1) strongly depend on the inhibitory cell-type. Exogenous
application is unlikely to mimic accurately the spatiotemporal profile of
ACh release from cholinergic axons, and furthermore, there seems to be no
agreement within the neuroscientific community on which concentration of
cholinergic agonists should be used to promote activation of the choliner-
gic receptors. The applied dose ranges from 10 to 100 micromolar across
different experimental groups, and in other cases, it even spans the mil-
limolar range. These discrepancies arise from the fact that to measure the
physiological extracellular concentration of ACh is experimentally challeng-
ing, because of the prompt intervention of hydrolases in the synaptic cleft.
Application of acetylcholinesterase inhibitors cannot be avoided, making it
extremely difficult to detect physiological levels of ACh in the extracellular
space. Moreover, while mAChR agonists have been extensively used and
are known to generate a multitude of responses in cortical neurons, much
fewer studies [Hedrick and Waters, 2015, Dasgupta et al., 2018] have dis-
cerned muscarinic responses evoked by endogenous ACh release (see Figures
1, 2). Cholecystokinin-immunoreactive (CCK™) cells are affected heteroge-
neously by cholinergic agonists depending on their sizes. For example, small
CCKT™ cells are promptly depolarized by cholinergic inputs, while bigger
CCK™ cells show a biphasic response comprising an initial hyperpolariza-
tion and a subsequent depolarization similarly to PCs (Kawaguchi, 1997).
There is a general consensus [Gulledge et al., 2007, Kruglikov and Rudy,
2008, Poorthuis et al., 2014] that cholinergic modulation of fast-spiking PV
positive (PV™) interneurons does not produce any effect on membrane ex-
citability (Table 1). However, evidence also shows the opposite. For exam-
ple, [Alitto and Dan, 2013] report in their review that PV interneurons
are depolarized via muscarinic activation, but when mAChRs are blocked
by antagonist application, the excitation is converted to inhibition; in turn
inhibition of PV ™ cells is converted to excitation when nAChRs are blocked,
suggesting that excitation and inhibition compete in the same population of
PV™ interneurons through the activity of the different receptors. The sub-
population of dendrite-targeting interneurons, that is identified as somato-
statin (SST) expressing (SSTT) interneurons (MCs), can be depolarized by
activation of mAChRs [Fanselow et al., 2008]. However, some studies re-
port that only very few SSTT interneurons display excitation or inhibition
in response to BF stimulation and that the inhibitory cells displaying the
strongest excitation by ACh are L1 and VIP"interneurons). Recent find-
ings outlined by [Munoz and Rudy, 2014] challenge these results. In their
study, they claim that cholinergic modulation of SST* interneurons via M1
and/or M3 mAChRs provides a major excitatory drive to these cells dur-
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ing whisking activity. VIP expressing interneurons are highly responsive
to cholinergic inputs and show a mixed activation profile that is partially
blocked by both nicotinic and muscarinic receptor antagonists [Kawaguchi
and Kubota, 1997].

In summary, muscarinic activation has differential effects on membrane
potential, based on which subtypes are expressed in a specific cell-type and in
cellular compartments. These heterogeneous responses might play different
roles in neocortical information processing: the initial hyperpolarizing phase
observed in PCs and some CCK™ cells could be used to push the cell away
from threshold, while the subsequent depolarization selectively augments
inputs that are strong enough to reach threshold, therefore increasing the
SNR, and at the same time promoting synchronization of neural activity.
At the same time, the presynaptic inhibition of excitatory feedback could
serve as a mechanism to prevent interference during the encoding of new
stimuli and reduce top-down influences on perceptive processes. In addition,
muscarinic receptors contribute to the generation of the gamma rhythm by
inducing synchronized oscillations in both excitatory and inhibitory neurons
[Heys et al., 2012]. Another class of receptors contributes to cholinergic
signaling in the neocortex. Nicotinic receptors exert fast cortical actions,
playing a key role in many cognitive processes [Dani and Bertrand, 2007],
as described in the following section.

2.4.2 Nicotinic receptors

ACh is primarily regarded as a neuromodulator rather than a neurotransmit-
ter in the CNS because its physiological effects have a latency of onset of tens
of milliseconds to minutes [Van der Zee and Luiten, 1999]. This great vari-
ability in the response of cortical neurons to ACh stimulation originates from
the fact that there are two main types of ACh receptor proteins. Neuronal
nicotinic receptors (nAChRs) are ionotropic receptors which are composed
of combinations of twelve different nAChR subunits: a2 to @10 and 52, 83,
54. Each receptor is made of five subunits. It is generally assumed that nico-
tinic actions are fast and precise; however, the depolarization rate produced
by the opening of the nicotinic channel can vary depending on the specific
subunit composition. Because mAChR signaling acts through G-proteins,
mAChR signaling might be expected to be slower than ionic nAChR signal-
ing. However, homomeric (a7) nAChRs can also mediate slow responses,
and the time course of muscarinic action may also vary widely, depending on
the signal pathways involved [Mufioz and Rudy, 2014]. The nicotinic branch
of the AChR family can be further divided into at least two classes, based
on the affinity that their binding sites have for nicotine itself or the snake
toxin a-bungarotoxin. At their simplest neuronal nAChRs are homomeric
(constituted from five identical subunits) while the more complex forms are
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heteromeric, composed of at least one o and one (3 subtype.

Binding studies using [3H]-nicotine have shown that high-affinity nAChR
binding sites are very common for the human cerebral cortex, while au-
toradiographic labeling of nAChRs shows an inhomogeneous distribution
over architectonically identified cortical areas of the rat brain, with highest
concentrations in the medial PFC (mPFC) and generally frontal areas. As
for mAChRs, the expression of different subunit combinations varies across
layers and across cortical areas. Given the involvement of the nicotinergic
system in the treatment of tobacco addiction, many studies have been per-
formed in the human brain. Most data on the distribution of nAChRs has
been obtained from human autopsy tissue homogenates using techniques
such as ligand binding, RT-PCR, immunoprecipitation, and Western blot.
Currently-available nAChR agonists and antagonists used for receptor auto-
radiography are not subtype specific, although they act on nAChR subtypes
with a distinct profile: labeling experiments carried out with different probes
revealed that nAChRs are widely expressed in the cortex, both at the level of
gray and white matter; many fibers show immunoreactivity at the neuropil
level [Schroder, 1992]. Five « subunits (3—-7) and three § subunits (2-4)
are expressed in the human brain. The expression of a4 and (52 subunits
in the frontal cortex, parietal cortex, and temporal cortex shows a charac-
teristic laminar distribution. Higher receptor binding is observed in layers
1, 3 and 5. These results are in agreement with the observed distribution
of @3 and a4 mRNAs that are mostly found in PCs of layer 2/3 and layer
5 of the frontal cortex (Wevers, 2011). However, other studies report that
the a3 mRNA is exclusively expressed in layer 4, while @4 subunit is mod-
erately expressed in all layers (Radnikow and Feldmeyer, 2018). The a7
subunit is found mostly in layer 1-3 and 5 and is virtually absent in layer
4, while a4 and 2 immunoreactive fibers were observed in layer 4 of the
PFC [Sparks et al., 1998]. The &2 subunit is a characteristic feature of
L5MCs that project to layer 1 and specifically target L5TTPCs [Hilscher
et al., 2017]. The detection of nicotinic subunits is possible because of the
existence of specific antisubunit-antibodies and the introduction of nAChR
subunit-Cre mouse lines. Nevertheless, nicotinic receptors are made up of
multiple subunits and are either homomeric or heteromeric. The most abun-
dant receptor subtypes in the neocortex are the homomeric receptor a7 and
the heteromeric a4/32 channel (which is often associated with the regulatory
subunit «b; [Radnikow and Feldmeyer, 2018]). Nicotinic receptors can be
activated both via volume transmission and fast synaptic activity [Dani and
Bertrand, 2007, Hedrick and Waters, 2015, Hay et al., 2016].
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Presynaptic localization

None of the studies mentioned above investigates the precise cellular local-
ization of cholinergic receptors, which is crucial in determining the outcome
of the response. This is especially true for nAChRs, because their activa-
tion directly leads to a cation influx into the cell, and immediately results
in a voltage change in the underlying compartment. nAChRs are expressed
on glutamatergic inputs to layer 5, mostly contacting layer 5 interneurons
and L5/L6 PCs. L5PCs and L6PCs are modulated by 7 and 52 nAChRs,
respectively, while L23PCs and glutamatergic inputs to these cells do not
contain nAChRs. Interneurons across layers contain mixed combinations of
nAChRs [Poorthuis et al., 2014]. Some subtypes, such as a7 homomeric
receptors, are preponderantly expressed in presynaptic areas, whereas het-
eromeric receptors are more expressed on cell bodies and main dendrites
[Bertrand, 2010]. Cholinergic axons that diffusely innervate the cortex are
thought to make en passant connections in the area of the main dendrite
of the PCs from layer 5 and 6, therefore causing a volume release of ACh.
Pre-synaptically, nAChRs generally increase the release of GABA and glu-
tamate [Dani and Bertrand, 2007]. However, both nAChR and mAChRs
can reduce EPSPs by acting pre-synaptically [Levy et al., 2008].

Postsynaptic localization

The distribution of nAChRs at the light and electron microscopic level was
studied in the human cerebral cortex using anti-nAChR monoclonal anti-
body (mAb) WF-6, which is not subunit selective (Schroder et al., 1990):
nAChR immunoreactivity revealed a pattern for the frontal and temporal
cortex that was very similar to that obtained with the auto-radiography. In
the frontal cortex, in situ hybridization techniques display numerous labeled
neurons, mostly PCs bearing the a7 mRNA in the cell body and in the api-
cal dendrite. In the motor cortex, many PCs showed signals in the proximal
part of their apical dendrite. As reported by [Schroder et al., 1989] and
[Schroder, 1992] nAChR localization is predominant in 123 and L5 PCs; a
few nAChR-expressing fusiform cells can be detected in layer 4 and 6. Many
PCs show nAChRs on basal dendrites that originate in layer 5, cross the su-
perficial layers of the cortex perpendicular to the pial surface, and branch
between layers 1 and 2. Immuno-precipitate is detectable both in cell bod-
ies and in their apical dendrites, in branches of various diameters, and in
the PSD of synaptic junctions. In a double-labeling approach conducted
in the temporal cortex, it was further demonstrated that PV* interneurons
express a4 and o7 subunit protein (Wevers, 2011). Double-labeling studies
have shown that at least 30% of cortical neurons contain both nAChR and
mAChR proteins, the majority of these being PCs. In the human cortex,
nicotinic immuno-staining in individual neurons appears generally compara-
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Cell type Receptor Effect Area Technigue —Reference

L5 PC @42 (soma and Medium depolarization Mouse PMC/V1/PFC Optogenetics (Hedrick and Waters, 2015)
main dendrite)
adab Depolarization Persistent Mouse PMCA/A/PFC Optogenstics (Hedrick and Waters, 2015)
spiking (starting from
subthreshold)
L6 PC ad b (soma and Depolarization Mouse PMC/A/1/PFC Optogenetics (Hedrick and Waters, 2015}
main dendrite)
Pz Depolarization Rat PFG (p7-p27) Kassam et al. (2008; bath application of 10 pM ACh to
1 mM)
L1 NGFC Nicotinic (non-a7) Depolarization (from RP) Rat SSC lontophoretic application or bath application of 100 M
Suppression of activity (from ACh (Brombas et al., 2014)
subthreshold)
L1 BC Nicotinic Suppression of activity (at low Mouse V1 in viva 2-photon imaging (Alitto and Dan, 2013)
levels of cortical
desynchronization)
L1 INs Nicotinic Fast depolarization (from RP) Rat SSC 100 pM ACh focally applied (Christophe ef al., 2002) and
(Gulledge et al., 2007)
NBC Nicotinic Depolarization Rat SSC 100 1M ACh focally applied (Gulledge et al., 2007)
BPC Nicotinic Depolarization Rat SSC 100 pM ACh focally applied (Gulledge et al., 2007)
DBC Nicotinic Depolarization Rat PFC 10 pM CCh or 3 pM muscarine bath application
(Kawaguchi, 1997)
L23 MC Nicotinic Depolarization Mouse V1 1 wM710 mM ACh application (Chen et al., 2015)
Nicotinic Depolarization Rat 85C Optogenetics (Dasgupta et al., 2018)
adp2 Depolarization Mouse S1 and mPFC Optogenstics or 1 mM ACh bath-application (Obermayer
etal., 2018)
L23BC Nicotinic Some are depolarized Some Mouse V1 In vive 2-photon imaging (Alitto and Dan, 2013)
are hyperpelarized
L23CHAT* BPC  adp2 Depolarization Mouse SSC (P20-P40)  Optogenetics (Arroyo et al., 2012)
L23 BPC adp2 and al Depolarization Mouse and rat SSC Optogenetics (Arroyo et al., 2012) and (Dasgupta et al.,
2018); 100 uM ACh focally applied (Gulledge et al., 2007)
L5 MC wdp2 Depolarization Mouse S1and mPFC ~ Optogenetics or 1 mM ACh bath-application (Obermayer
et al.,, 2018)

The table finks the distribution and localization (when known, in brackats) of nicotinic raceptors across neocortical cell types, with respect to cortical layers, with the effect of thair
activation. The effct of receptar activation is represented in terms of variation of membrane potential. Age of the specimen is given in brackets, when known. When biphasic effacts
occur, they are listed as multiple effects. Inclusion criteria for the listed studies comprise: (1) recordings performed in the rodent neccortex, (2) knowledge of the morphological type
involved and (3) knowledge of the receptor subtype involved in the respanse. Abbraviations: PC, pyramidal cell: SS, spiny-staliate call: IN, interneuran; MC, Martinotti cell: BC, basket
cell; DBC, double-bouquet call: NGFC, neuroghiaform cell; BPC, bipolar cell, NBC, nest basket ceil; RS, reguar spiking. PMC, primary motor cortex; V1, primary visual area; PFC,
prefrontal cortex; SSC, somatosensory cortex, ACh, acetyicholine; CCh, carbachol; RR, resting potential; NR, not responsive.

Figure 2.2: Table 2 links the distribution and localization (when known, inbrackets)
of muscarinic receptors across neocortical cell types, with respect to cortical layers, with
the effect of their activation. The effect of receptor activation is represented in terms
of variation of membrane potential. Age of the specimen is given in brackets, when
known. When biphasic effects occurr, they arelisted as multiple effects. Inclusion criteria
for the listed studies comprise: 1)recordings perfomed in the rodent neocortex, 2) knowl-
edge of the morphological type involved and 3) knowledge of the receptor subtype involved
in the response. Abbreviations: PC, pyramidal cell; SS, spiny stellate cell; IN, interneuron;
MC, Martinotti cell; BC, basket cell; DBC, double bouquet cell; NGFC, neurogliaform cell;
BPC, bipolar cell, NBC, nest basket cell; RS, regular spiking. PMC, primary motor
cortex; V1, primary visual area; PFC, prefrontal cortex; mPFC, medial prefrontal cor-
tex; EC, enthorinal cortex; SSC, somatosensory cortex, ACh, acetylcholine; CCh, carba-
chol; RP, resting potential; NR, not responsive
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ble to that seen in the rodent model [Schroder et al., 1989, Schroder, 1992]:
as in the rat occipital cortex, nAChRs can be detected on the cell bodies and
dendrites of .23 and L5 PCs. Most studies agree that nAChRs are prefer-
entially found in infragranular layers, mostly at the level of L5 and L6PCs,
but also at the level of inhibitory interneurons; CB-immunoreactive neurons,
as well as PV™ neurons all express nAChRs, while that is not true for CR-
immunoreactive neurons [Coppola and Disney, 2018]; furthermore, nAChRs
are expressed at the level of layer 2/3 as well, both in PC bodies and in the
apical dendrites of deeper-layer placed cells. However, only a small subset of
layer 2/3 excitatory neurons and no layer 4 neurons express nAChRs; layer
6 expression profile can be set apart from the rest, given that these neurons
predominantly express the slowly desensitizing heteromeric o452 channel
[Radnikow and Feldmeyer, 2018].

The distribution of nAChRs and the subunits combination, therefore, de-
pends on cell-types, laminar position and on the cortical area studied, sim-
ilarly to mAChRs; nowadays the possibility of systematically studying the
distribution profile of cholinergic receptors has greatly increased, due to the
advancement in the production of anti-subunit-specific antisera and to the
development of better immunoprecipitation and ligand binding techniques.
Such studies exist and are quite informative as regards, for instance, the
striatum [Zoli et al., 2002], but a comprehensive and detailed investigation
of the expression of subunits in the neocortex is still lacking. Nicotinic acti-
vation prevalently modulates the excitability of deep cortical layers: in the
next section, we move on and explore the contribution of nicotinic stimu-
lation to local circuit properties and examine studies that investigated the
involvement of the nicotinergic system in the modulation of neocortical ac-
tivity.

Regulation of neuronal and synaptic physiology

Even though nAChRs are predominantly expressed pre-synaptically, where
their activation modulates neurotransmitter release through calcium influx
or terminal depolarization [Nashmi and Lester, 2006], there is evidence that
nAChRs may also influence post-synaptic signaling and that these effects
vary based on the subcellular localization of the receptor (Tables 2, 3).
nAChRs expressed on distal dendrites are thought to cause the generation
of fast excitatory post-synaptic potentials since activation of nAChRs on dis-
tal apical dendrites promotes PC depolarization and leads to an increase in
action potential firing. On the contrary, activation of nAChRs on the proxi-
mal apical dendrites (closer to the cell body) reduces membrane impedance
and shunts signal incoming from the apical tuft: when the nAChRs opens,
the membrane resistance of the PC decreases and signals incoming from the
apical dendrites get attenuated [Dani and Bertrand, 2007].
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Connection type Receptor Effect Area Technique —Reference
L5 PC-L5PC Muscarinic Reduction in depression rate of Rat SSC Baih appiication of 50 pM ACh (Tsodyks and Markram, 1997)
consacutive EPSPs
M1 fperiscrmatic) Enhancement of EPSCs. Rat SSC (p14-p16) 1-10 M ACh local puff (Nuiez et &, 2012)
M2 fpasal dendrites) Reduction of IPSCs Rat SSC {p14-p16) 50-100 uM ACh local puf {Nuriez
Nicotinic Increase in EPSPs. Rat SSC (p14-p16) 1-10 uM ACh local puff (Nufez et
L5 PC-L5 MG Nicotinic heteromeric Decrease in onset delay, increass in Mouse S$1 and mPFG Optegenatics or 1 mM ACh bath-application (Obermayer et al., 2018)
time course; no change in EPSP size
L4 PC-L4PC M4 Reduction In first EPSP amplitude Rat SSC Bath application of 100 uM ACh Eggermann and Fekdmeyer, 2009)
Ld4ss-L488
L4 PC-L23PC M4 Reduction in first EPSP amplitude Rat 8SC Bath application of 100 uM ACh Eggermann and Feldmeyer, 2009)
L23 PC-L23PC MiM3 Reduction in EPSC amplitude Rat Al (p21-p28) Bath appiication of 10 M oxotremorine or muscarine (Atzori et al., 2005)
Muscarinic (apical dendrite)  Reduction In EPSP amplitude Rat PFC lontephoretic application of 0.05 M muscarine (Vidal and C 1x, 1993)
Nicotinic (apical dendrite) Increase in EPSPs Rat PFG Ientophoretic application of 0.05 M muscarine (Vidal and Changeus, 1993)
TC fibers-L4 PC Muscarinic Increase in EPSP depression rate Rats and mioe TC slice (p21-p28)  Bath application of 5-10 M muscarine (Gil et al,, 1997)
CHAT* fibers—L4 PC  Muscarinic IPSC Mouse TC slioe [p12-p16) Optogenetic activation {Dasgupta et a 8)
L23 PC-L23 MC Nicotinic Increase in EPSPs Mouse SSC Bath appiication of 20 pM CCh (Urban-Ciecko et al., 2018) and
optogenetics
Nicotinic heteromeric Na change in EPSP size Mouse S1 and mPFC: Optogenetics or 1 mM ACh bath-application (Obermayer et al,, 2018)
L1 NGF-123 PC M1 periscratic) Connaction is slencad (L23 PC s Rat SSC (p24-p31) lontephoretic application or bath appiication of 100 WM ACh (Brombas
disinhibited) etal, 2014)
Nicotinic (non a7) Connection is slenced Rat S5C (p24-p31) lontephoretic application or bath application of 100 M ACh (Brombas
atal, 2014)
L23 BC-L5 PC Muscarinic Reduction in IPSPs ampitudes Mouse SSC Bath appiication of 10 uM muscarine (Kruglikov and Rudy, 2008)
(connection is silenced)
L5BGLS PC MM Reduction in u-1PSC amplitude Mouse SSC Baih appiication of 10 WM muscarine (Kruglikov and Rudy, 2008}
Muscarinic Reduction in u-IPSC amplitude Rat insuiar cortex Baih appiication of 10 tM CCh (Yamamoto et al., 2010)
L5 MC-L5 PC Nicotinic heteromeric Decrease in onset delay, no change in Mouse S1 and mPFC Optogenetics or 1 mM ACh bath-application (Obermayer et al, 2018)
IPSP size
Nicotinic Increase in PSP size Mouse A1 Bath appiication of 10 pM CCh (Hilscher et al., 2017)
L5 BC-LSBC Muscarinic Decrease in IPSCs amplitudes Rat insuar cortex Bath appiication of 10 pM CCh (Yamamoto et al., 2010)
L5 AS IN-L5 PG Muscarinic Decrease in IPSCs amplitudes Rat insular cortex Bath application of 10 pM OCh (Yamamoto 2010)
LSBC-LSRASIN Muscarinic Increase in first IPSCs amplitudes Rat insular cortex Bath appiication of 10 kM OCh (Yamamoto et d., 2010)
L5RSIN-L5RSIN Muscarinic Increase in first IPSCs amplitudes Rat instiar cortex Bath appiication of 10 pM CCh (Yamamoto et al., 2010)

The tabe frks 3 nicotini and muscarin types, with respect to cortical layers, with the effect of their activation on synaptic aynamics. Efect is
represented i terms of incranse or decreas in PSP/PSG siza Age e thespecimen is given in brackats, when k forthe comprise: (1) racordlings parformed in the redent neocortax; (2) nowedga of the
pre and post synaptic types invoed; and e the receptor invoh P 58, liate cell: IN, i MC, Martinott calf: BC, basket oall: DBC, double-bouguet

cel: NGFC, neurogliaform cel; BPC, bipolar cad, NBC, nest basket cel; RS, regular spiking. AT, primary auslitory arsa; PFC, prefontal cortex; SSG,

cortex; TC thak l; ACH, CCh, carbachl; EPSP,

excitatory post-synaptic potential; PSR inhibitory post-synaptic potential EPSC, excitatory post-synaptic current; IPSG, inhibitory post-synapsic current,

Figure 2.3: Table 3 links the distribution and localization (when known, in brackets) of
nicotinic and muscarinic receptors across neocortical cell types, with respect to cortical
layers, with the effect of their activation on synaptic dynamics. Effect is represented in
terms of increase or decrease in PSP /PSC size. Age of the specimen is given in brackets,
when known. Inclusion criteria for the listed studies comprise: 1)recordings performed in
the rodent neocortex, 2) knowledge of the pre and post synaptic morphological types in-
volved and 3) knowledge of the receptor subtype involved. Abbreviations: PC, pyramidal
cell; SS, spiny stellate cell; IN, interneuron; MC, Martinotticell; BC, basket cell; DBC,
double bouquet cell; NGFC, neurogliaform cell; BPC, bipolar cell, NBC, nest basket cell;
RS, regular spiking. Al,primary auditory area; PFC, prefrontal cortex; SSC, somatosen-
sory cortex; TCthalamo cortical; ACh,acetylcholine; CCh, carbachol; EPSP, excitatory
post synaptic potential; IPSP, inhibitory post synaptic potential; EPSC, excitatory post-
synaptic current; IPSC, inhibitory post synaptic current
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Figure 2.4: Differential expression of cholinergic receptors in various neuronal
compartments across cell-types. Heatmap matrices show the occurrence of choliner-
gic receptor subtypes at the level of different cell-types. The presence of a given subtype
in a cellular compartment is classified as consistently expressed (consistent findings across
experimental studies), sometimes expressed (evidence of its presence is only partial) and
never expressed (presence of a given subtype is undetectable). Abbreviations: PC, pyra-
midal cell; M1, M2, M3, M4, muscarinic cholinergic receptors 1-4; nAChR, nicotinic
acetylcholine (ACh) receptor.
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Optogenetic activation of cortical cholinergic input generates an increase
in membrane excitability (Table 2) mediated by nAChRs and promotes spik-
ing in L5PCs [Hedrick and Waters, 2015]. When the stimulation is paired
with additional depolarization, spiking activity becomes persistent and can
be blocked by BAPTA application, suggesting that the observed depolariza-
tion is mediated by intracellular Ca™™ transients. As suggested by kinetic
analysis it is likely that non-a7 nAChRs determine this response. The de-
polarizing response spans all layers, but occurs with laminar and regional
differences; additionally, the effect of the depolarization can be moderate
and transitory or pronounced and persistent depending on the cell mem-
brane potential. Although the modulatory effect was found to be stronger
in deeper layers, the authors report that it was similar in M1, V1 and pre-
frontal (PF) cortices. The preferential modulation of deep neocortical layers
is likely to influence the flow of excitation occurring throughout the neocor-
tex that originates in layer 4 and then propagates to the superficial layers,
whose role is to modify the output of layer 5. Altogether this study showed
that nAChR activation increases the excitability of neocortical PCs; in the
light of previous evidence that a4 and ab subunits are highly expressed
in layer 6 [Tribollet et al., 2004], and nAChR-mediated responses in layer
6 of the PFC have already been reported by many studies [Kassam et al.,
2008, Bailey et al., 2010, Poorthuis et al., 2014], the authors suggest that the
presence of a4 and « 5-mediated PSPs could be a characteristic feature of
L6PCs across neocortical regions (see Table 2, Figure 1). Pyramidal-to-PCs
connections in layer 5 can be potentiated by using a spike-timing-dependent-
plasticity (STDP) protocol. Bath-application of 10 pM (or 300 nM) nicotine
impairs L5PC to L5PC potentiation and favors the induction of LTD. When
monitoring spontaneous synaptic events, application of nicotine increases
the frequency and amplitude of sSEPSCs. Evoked excitatory post-synaptic
currents (EPSCs) behave differently and are reduced in amplitude by nico-
tine. However, puffing nicotine directly on PCs fails to elicit an inward
current, and application of gabazine prevents the de-potentiation. There-
fore, the effects of nicotine on L5PC to L5PC synapses should be attributed
to an enhancement of GABAergic transmission, rather than the direct acti-
vation of a PCs [Couey et al., 2007]. nAChRs are known to be distributed
throughout the dendritic trees of cortical PCs [van der Zee et al., 1992] ,
but a comprehensive mapping of cholinergic synapses apposition remains
elusive. To provide concomitant information on receptor localization while
recording electrical responses more researchers should apply the strategy
used by [Hedrick and Waters, 2015], who measured nicotinic PSPs during
restricted illumination of the slice: illumination of the tuft dendrites failed
to evoke a nicotinic PSP at the soma and therefore the authors concluded
that nAChRs that contribute to the somatic depolarization are likely to be
within 300 pm of the soma and many are probably located in the proximal
50 wm of the apical and basal arbor. This technique sheds light on the
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compartmental origin of the observed response and it is immensely useful
to causally link the distribution of cholinergic receptors and their physio-
logical role. A subsequent investigation should combine this strategy with
pharmacological inactivation of specific receptor subunits and provide fur-
ther proof that PCs responses to cholinergic inputs in different layers are
mediated by specific receptor subunits and that their distribution profile is
greatly involved in determining the outcome of neural computations.

Although nAChRs are mainly found on PCs, there is extensive evidence
that nAChRs are expressed on the membrane of cortical interneurons (Table
2), such as MC, chandelier cells (ChCs) and basket cells (BCs), where they
contribute to the modulation of GABAergic signaling [Couey et al., 2007,
Wevers, 2011]. The subpopulation of serotonin receptor 5-HT3,R expressing
GABAergic interneurons is depolarized by ACh via nAChRs [Gulledge et al.,
2007, Poorthuis et al., 2013]; this embryologically distinguished subpopula-
tion, that accounts for about 30% of the total number of cortical inhibitory
interneurons, is heterogeneous and includes all the VIPT interneurons, as
well as the VIP~ neurogliaform cells (NGCs;[Rudy et al., 2011]). VIPT in-
terneurons show a mixed activation profile in which both nicotinic and mus-
carinic receptors are involved (Figure 1; [Kawaguchi and Kubota, 1997]).
Prominent nAChRs expression is a hallmark of layer 1 inhibitory interneu-
rons both in rodents and humans [Letzkus et al., 2011, Alitto and Dan, 2013]
and endogenous cholinergic release is known to rapidly recruit this receptor
subpopulation during locomotion and attentive processes. These fast, nico-
tinic responses are mediated by a7 and (32 containing receptors [Poorthuis
et al., 2018]. When at rest, all layer 1 interneurons are depolarized via nico-
tinic activation (Figure 1, Table 2); however, when these interneurons are
engaged in repetitive firing, ACh inhibits the activity of L1 NGCs [Brom-
bas et al., 2014]. Conversely, single bouquet cells (SBCs) are activated by
ACh in the regime of repetitive firing [Jiang et al., 2013]. Layer 1 interneu-
rons responses are abolished by application of nAChR antagonists (Figure
1; [Christophe et al., 2002]). ACh enhances the activation of neocortical
deep-layers PCs by ascending thalamic inputs via mAChR-mediated depo-
larization and subsequent enhanced glutamate release from thalamocortical
terminals in layer 4 [Gil et al., 1997, Metherate, 2004, Disney et al., 2007],
but it also releases inhibition on superficial layers PCs. There is extensive
evidence that ACh mediates activation of layer 1 and layer 2/3 non-fast
spiking PV~ cortical interneurons via non-a7 nAChRs. These interneurons,
in turn, inhibit MCs and BCs that directly target PCs: nAChR-mediated
inhibition of superficial interneurons reduces inhibition of superficial PCs
[Gulledge et al., 2007, Arroyo et al., 2012, Brombas et al., 2014]. Pho-
tostimulation of ChAT™ neurons in the BF evokes a prolonged disynaptic
inhibition in PCs; pharmacological manipulation of the response suggests
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that it is supported by non-a7 mediated excitation of specific interneurons
subtypes. This finding indicates that nicotinic cholinergic input originating
from BF fibers is also comprised of a slow component. The observed delayed
barrage of inhibitory post-synaptic current (IPSC) in L23PCs exhibits a long
latency (of about 26 ms) characteristic of dysynaptic inhibition. Layer 1 and
layer 2/3 inhibitory interneurons, and in particular in late-spiking cells and
L23 ChAT™ bipolar cells are responsible for this phenomenon [Arroyo et al.,
2012]. In agreement with previous reports [Poorthuis et al., 2014] fast-
spiking cells such as BCs and ChCs do not exhibit EPSPs in response to
optogenetic stimulation of ChAT+ BF neurons, but rather respond similarly
to PCs and are swamped by an IPSC barrage as well. While layer 1 and
layer 2/3 late spiking cells (LS) exhibit both a fast and a slow response, L.23
ChAT bipolar cells display only a slow response. This study demonstrates
that the fast and slow components are mediated by a7 receptors and non-a7
receptors, respectively, and that non-a7 receptor-mediated excitation elic-
its action potentials in cortical interneurons that in turn produce a delayed
and prolonged wave of inhibition in L23PCs and FS cells. One proposed
explanation for the slow response is that it may arise from a cholinergic
bulk transmission and that it may sustain the high metabolic demand of
processes such as attention and memory [Cauli et al., 2004].

Cortical ChAT™ /VIP™" interneurons have been shown to dilate local mi-
crovasculature to increase blood supply during periods of elevated neuronal
activity [Kocharyan et al., 2008] during the execution of memory and atten-
tion tasks, following electrical BF stimulation. The fast component of the
cholinergic response may also be implicated in the emergence of a broader
phenomenon like synchronized neuronal activity; it has been shown that
LS cells are connected via gap junctions, and this fast response may thus
play a fundamental role in the emergence of network oscillations that sus-
tain plasticity and attention mechanisms. [Couey et al., 2007] realized that
the effect of nicotine on L5SPC to L5PC connections is mostly due to an
enhancement of GABAergic transmission, and they decided to dissect the
effects of nicotine on three different interneurons types. First, they looked
at the activity of FS cells in layer 5, and observed no effect when adding
nicotine to the bath; later they stained the cells for certain neuropeptides
and several nAChR subunits and found an extremely low amount of mRNA
coding for nicotinic subunits in FS cells, which might explain their unre-
sponsiveness. Once again, another piece of evidence emerges confirming
that (putative) BCs have a tendency not to respond to the application of
cholinergic agonists. The authors identified another type of interneuron as
a regular-spiking-non-PC (RSNPC), and observed a fast inward current af-
ter application of nicotine. LTS cells (putative MC) showed an even bigger
inward current response; in both cell-types the most abundantly stained
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nicotinic subunit was a4, but 52 and a7 were also present. In this study,
nicotine application increases the frequency and amplitude of spontaneous
EPSCs in putative BCs and MCs; as for putative ChC (RSNP) a decrease
in the frequency, but not the amplitude of SEPSCs can be observed [Couey
et al., 2007]. Pyramidal to SSTT interneurons neocortical connections are
relatively weak, but local excitatory input to SST neurons is selectively
enhanced during cholinergic modulation of network activity. In a recent
2018 study, it was shown that endogenous ACh release activates presynap-
tic nAChRs and boosts glutamatergic input in a target-cell specific manner
[Urban-Ciecko et al., 2018]. Thus, there is evidence that local excitatory
input to SST neurons is selectively enhanced during nicotinic modulation of
network activity (Table 2, Figure 2).

In a recent study by [Obermayer et al., 2018] examined PC-MC-PC disy-
naptic connections in both layer 2/3 and layer 5 and found that the typical
delayed disynaptic inhibitory response in the post-synaptic PC is faster and
stronger when cholinergic inputs are activated optogenetically, or by means
of 1 mM ACh bath application. When looking at the activity of a single
MC, they observed that ACh inputs lead to a significant decrease of the
onset delay of AP firing and increases the number of APs fired in MCs,
which can account for the earlier onset and prolonged duration of disynap-
tic inhibition. This effect was abolished by application of 10 pM DHBE
demonstrating that it is mediated by heteromeric nicotinic receptors (Ta-
ble 2, Figure 2). However, when they recorded from synaptically connected
PC-MC pairs during concurrent activation of cholinergic fibers, they could
only observe an increase in the membrane depolarization level, but not in
EPSP sizes. The same effect was found in MC-PC connections, and this
as well was confirmed to be nicotinic in nature, contradicting the result
obtained by Urban-Ciecko and others and others. The setups of the two ex-
periments are comparable: both studies were performed in the adult mouse
somatosensory cortex. However, the first remarkable difference lies in the na-
ture of the cholinergic input used in the two experiments: while [Obermayer
et al., 2018] used bath-application of 1 mM ACh and optogenetic activation,
[Urban-Ciecko et al., 2018] decided to record activity in the presence of 20
uM CCh, a non-hydrolyzable analogue of ACh. Not only the two concen-
trations differ by two orders of magnitude, but the two cholinergic agonists
work in fundamentally different ways. While ACh is almost immediately
hydrolyzed by the cholinesterase in the synaptic cleft (within a few millisec-
onds), carbachol has a much more prolonged effect [Katz and Miledi, 1973].
Nevertheless, the results obtained by bath-application of ACh are in agree-
ment with the results achieved by optogenetic activation of the cholinergic
system, which is supposed to be a more physiological way of stimulating
cholinergic release [Obermayer et al., 2018]. Interestingly, optogenetic acti-
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vation of cholinergic inputs did not affect the typical fast disynaptic post-PC
response mediated by BCs, which provides yet another example of how BCs
tend to be unresponsive to cholinergic release in both layer 2/3 and layer
5, or more generally show a more heterogeneous response profile to ACh
inputs [Obermayer et al., 2018]. This could be explained by the lack of a
precise morphological identification of various subtypes of BCs, which could
express cholinergic receptors in different subcellular locations or in a differ-
ent amount, and therefore show differential responses to ACh inputs. These
findings indicate that subcortical neuromodulatory projections recruit nico-
tinic receptors to alter network function through increased inhibition and
provide a potential mechanism by which attention controls the gain of local
circuits.

2.5 Nicotinic and muscarinic kinetics

What are the receptor affinities to various agonists and can this be related
to the actual amount of nicotinergic modulation? The relative activation
of receptors vs. the concentration of agonist has been measured (Table 4).
Muscarine reversibly reduces Ca?T currents in a dose-dependent manner.
The modulation is rapid, with an onset time constant of 1.2 s. A slowly
developing component of the modulation also is observed, with a time con-
stant of 17 s. Under elevated Ca?* conditions, the fast component is due
to a reduction in both N- and P-type calcium currents, whereas the slow
component involves L-type current [Stewart et al., 1999]. Receptor prop-
erties such as conductance, open time, and sensitivity to ACh depend on
the nicotinic subunit composition (Table 4). (a4)2(52)s nAChRs are sensi-
tive to micromolar scale changes, while (a7)s5 receptors have a half-maximal
sensitivity of more than a hundred micromolar. Extracellular choline is nor-
mally 3-5 uM but can attain 20 pM in some pathological cases. However,
ACh reaches the millimolar range at the site of release [Alkondon and Al-
buquerque, 2004]. Responses mediated by a7 nAChRs are short-lasting,
whereas those mediated by a432 nAChRs are long-lasting. This is because
the mean open time of a7 nAChRs is shorter than that of 452 nAChRs.
Also, a7 nAChRs desensitize much faster than a452 nAChRs [Alkondon
et al., 1999]. An interesting hypothesis was put forward by [Albuquerque
et al., 2000]. «7 but not a452 nAChRs can be fully activated by choline
[Nguyen et al., 1995, Alkondon et al., 1999]. Choline and acetate are the
products of hydrolyzation of synaptically released ACh by ACh-esterase in
the synaptic cleft. This process occurs quickly, but reuptake of choline
into presynaptic terminals is slow. Therefore, the ACh concentration in the
synaptic cleft should decay rapidly, with only low levels of diffusing ACh
reaching peri-synaptic sites. But choline levels should rapidly rise in the
synaptic cleft with high levels of diffusing choline reaching peri-synaptic
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Figure 2.5: Effect of nicotinic acetylcholine receptors (nAChRs) and mus-
carinic ACh receptors (mAChRs) activation on the membrane potential of
various neocortical cell types. The central schema represents the main cell types
in the neocortex. Excitatory neurons are shown in red and inhibitory GABAergic neu-
rons are shown in blue. The electrophysiological responses to the optogenetic activation
of cholinergic fibers (in light blue) or the application of a cholinergic agonist (shown in
green) or antagonist (shown in red) of each cell type are depicted in the inserts. Tim-
ing of cholinergic manipulation is shown as a vertical or horizontal bar. Muscarinic and
nicotinic cholinergic receptors associated with the observed response, when known, are
shown as four main subtypes: M1-M3-M5 like receptors (yellow and red), M2-M4 like re-
ceptors (violet and red), a452 heteromeric nAChRs (violet and blue) and o7 homomeric
nAChRs (yellow and blue). All shown experimental traces reflect studies listed in Tables
1, 2. Selected traces were recorded in sensory areas of the rodent neocortex. Inclusion
criteria for the experimental traces comprise knowledge of the cell-types and the receptor
subtype (nicotinic or muscarinic) involved in the electrophysiological response. Abbrevi-
ations: PC, pyramidal cell; SS, spiny-stellate cell; IN, interneuron; MC, Martinotti cell;
BC, basket cell; DBC, double-bouquet cell; NGFC, neurogliaform cell; BPC, bipolar cell.
Reproduced and adapted from: (left, top to bottom): (A). [Brombas et al., 2014]; (B)
[Arroyo et al., 2012]; (C) [Dasgupta et al., 2018]; (D) [Hedrick and Waters, 2015]; (E)
[Kawaguchi and Kubota, 1997] (Right, top to bottom): (F) [Gulledge et al., 2007]; (G)
[Kawaguchi, 1997]; (H) [Shalinsky et al., 2002]; (I) [Dasgupta et al., 2018]; (J) [Hedrick
and Waters, 2015]. For more exhaustive information on agonist concentration, species and
cortical area examined, see Tables 1, 2.
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Figure 2.6: Effect of nAChRs and mAChRs activation on neocortical synaptic
dynamics. The central schema represents the main neocortical cell types and their synap-
tic connections. A fiber of subcortical provenance associated with cholinergic boutons is
also shown. Excitatory neurons are shown in red and inhibitory GABAergic neurons
are shown in blue. The electrophysiological responses to the application of a cholinergic
agonist or antagonist or to basal forebrain (BF) optical stimulation are depicted in the
inserts. Panels show the modulation of synaptic dynamics in terms of increase or decrease
in PSP/PSC size. Muscarinic and nicotinic cholinergic receptors associated with the ob-
served response, when known, are shown as four main subtypes: M1-M3-M35 like receptors
(yellow and red), M2-M4 like receptors (violet and red),a432 heteromeric nAChRs (vi-
olet and blue) and a7 homomeric nAChRs (yellow and blue). All shown experimental
traces reflect studies listed in Table 3. Selected traces were recorded in sensory areas of
the rodent neocortex. Inclusion criteria for the experimental traces comprise knowledge
of the pre and postsynaptic cell-types and the receptor subtype (nicotinic or muscarinic)
involved in the response. Abbreviations: PC, pyramidal cell; TTPC, thick tufted pyrami-
dal cell; STPC, slender tufted pyramidal cell; SS, spiny-stellate cell; MC, Martinotti cell;
BC, basket cell; NGFC, neurogliaform cell; BPC, bipolar pyramidal cell; IPC, inverted
pyramidal cell. Reproduced and adapted from: (left, top to bottom): (A) [Brombas et al.,
2014]; (B) [Urban-Ciecko et al., 2018]; (C) [Kruglikov and Rudy, 2008]; (D) [Dasgupta
et al., 2018]; (E) [Yamamoto et al., 2010]; (F) [Salgado et al., 2007]; (G,H) [Eggermann
and Feldmeyer, 2009]; (I) [Kruglikov and Rudy, 2008]; (J) [Markram et al., 1997]. For
more exhaustive information on technique, species and cortical area examined, see Table
3.
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Receptor type Single channel conductance  Open time POrmax EC50 for ACh or nicotine Kinetics

Nicotinic heteromeric 29pS 0.710.14 and

(3243 35+£04ms

Nicofinic heteromeric 20 pS (Stetzer et al, 1998, 147 ms (Stetzer et ., 1996)

(@3)2p43 18.2  0.46 (Rovira ot al,, 1998

(3p2)245 ECS0 ACh 1.70-1.83 M for ACh Fast: 40-121 ms; slow:
EC50 Nicotine 2.91 uM 274-1039 ms (Figl and Cohen,
1C50 Nicotine 2.92 uM (Ku: etal, 2C 000)

(3412 a5

Nicofinic heteromeric 31.3pS, 40.5 pS (high state) 207 & 38 ms (Hsiao et ¢ 0.8 (Li and Steinbach, 2010)

Fast 4-6 ms; slow 30-53 ms
(@d)2p23 and 21.9 pS (low; Hales ot 2008) and C
2008)

Fig 000)

Nicotinic heteromeric
(422 a5 ¢ ne 0.62
50 Nicotine 0.0872

Nicotinic homomeric 82.9 pS (Albuguerque et al. 108 ps and 92.7 ps for
(a7)5 2000) channels activated by 11.and
10 mi Ach, respectively
(Albuquerque et al., 2000)

The table ists properties of nicotinic homomeric and heteromeric receplors (single-channe! condtuct

Figure 2.7: Table 4 lists properties of nicotinic homomeric and heteromeric receptors
(single channel conductance, open time and open probbility and EC50 and kinetics).

sites. This implies that extrasynaptically located 482 nAChRs (i.e., the
high affinity nAChRs) could be activated by diffusing, low levels of ACh,
extrasynaptically located while low-affinity a7 nAChRs may be activated
by diffusing choline. Thus, a7 and a432 nAChRs might exhibit differential
control [Albuquerque et al., 2000].

2.6 Subcellular nicotinic and muscarinic pathways

ACh affects membrane conductance through several subcellular pathways,
as illustrated in Figure 4, leading to both hyperpolarizing and depolar-
izing effects (Tables 1, 2). ACh can act on both pre and post-synaptic
membranes, binding to muscarinic and nicotinic receptors. The interplay
among intracellular pathways leads to a dynamically changing outcome,
such as the transient hyperpolarization and following long-term depolar-
ization resulting from the binding of ACh to M1 mAChR [Dasari et al.,
2017]. When ACh interacts with M1, the exchange of coupled GDP for
GTP produces the dissociation of the G-protein complex from the recep-
tor. The released o subunit of the Gy protein then activates the enzyme
phospholipase C (PLC /) which hydrolyzes phosphatidyl-inositol 4,5 bis-
phosphate (PIP3), leading to its dissociation from the membrane and the
subsequent formation of diacylglycerol (DAG) and IP3. IPj3 initiates cal-
cium ions release from the endoplasmic reticulum (ER), serving as a trigger
for this process. Refilling of the ER with Ca?*ions is then obtained by
the activity of the sarco-ER Ca?T-ATPase (SERCA). Extracellular calcium
ions are therefore crucial for the maintenance of calcium cycling. M1 acti-
vation facilitates voltage-dependent refilling of calcium stores by promoting
excitation. Thus, fine-tuned calcium dynamics govern complex reciprocal re-
lations among many different proteins contributing to changes in membrane
potential. Ultimately, changes in K*, Ca?T-activated K*-currents and non-
specific cationic currents support a shift from transient hyperpolarization
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to a sustained excitation. Meanwhile, DAG together with Ca?* ions acti-
vate kinases such as protein kinase C (PKC), causing multiple downstream
effects. PKC controls the function of many proteins including members of
both pre and post-synaptic membranes. PKC is also involved in synaptic
plasticity regulation and causes the internalization of AMPARs and NM-
DARs, leading to LTD phenomena [Callender and Newton, 2017]. PKC can
also phosphorylate metabotropic glutamate receptor 5 (mGluRs; [Hwang
et al., 2005] Hwang et al., 2005) as well as many other proteins. Moreover,
PKC activates heme-oxygenase 2 (HO-2; [Artinian et al., 2001]) and inhibits
NO-synthase (NOS), interfering with the calcium/calmodulin activation of
NOS enzyme [Borda et al., 1998]. These effects contribute to the down-
stream processes involving carbon monoxide (CO) and nitric oxide (NO) as
interacting messengers [Mathes and Thompson, 1996, Artinian et al., 2001].
Long-term effects of PKC activation include changes in DNA transcription
that are mediated by MAPK/Erk signaling. Furthermore, there is recent ev-
idence for the direct interaction of M3 mAChR with PLC S, which increases
signaling efficiency [Kan et al., 2014].

The downstream signaling pathways of M3 and M5 receptors overlap with
that of M1, and therefore they are grouped as M1-like receptors; similarly,
M2-type mAChRs comprise both M2 and M4 receptors. Binding of ACh to
M2-type mAChRs results in the inhibition of adenylyl cyclase (AC) by the
« subunit of G; or Gg protein and in the subsequent reduction of cAMP lev-
els [Munoz and Rudy, 2014]. However, there are some differences between
theG; and Go mechanisms of AC regulation [Jiang and Bajpayee, 2009].
The S ~-complex of the dissociated G-protein can activate the G-protein
activated inward rectifier KT channels (GIRK) and inhibit voltage-gated
calcium channels (VGCCs). Moreover, Go proteins can also regulate Na™
channels [Jiang and Bajpayee, 2009]. Particular effects of M1 and M2 recep-
tors on different ion channels have been already summarized by [Thiele et al.,
2012]. A significant increase in intracellular calcium concentration comes
from the direct flow of ions due to the permeability of nAChRs to Ca?*.
However, nAChR activation also leads to the activation of VGCC and sub-
sequent Ca?" influx. [Dajas-Bailador and Wonnacott, 2004, Shen and Yakel,
2009]. Moreover, functional cross-talk among presynaptic nAChRs has been
shown to affect signal transduction [Marchi and Grilli, 2010]. Therefore, the
action of one receptor might depend on the function of co-existing receptor
subtypes in the same cell. The interaction between presynaptic nicotinic re-
ceptors with other ionotropic or metabotropic receptors serves the purpose
of producing an integrated response.
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Figure 2.8: Subcellular nicotinic and muscarinic signaling processes at the glu-
tamatergic synapse being modulated by ACh. Only the main relevant pathways
and components are shown. Receptor subtypes which are less expressed on pre and post-
synaptic membranes and related downstream processes are shown in semi-transparent
colors. Abbreviations: ACh, acetylcholine; ACh Esterase, acetylcholinesterase; M1-M5,
muscarinic acetylcholine receptor types 1-5; nAChR (a7, a482), nicotinic acetylcholine
receptor; VGCC, voltage-gated calcium channel; KA kainate receptor; GIRK, G-protein
activated inward rectifier K+ channel; PKA, protein kinase A; CaM, calmodulin; AC,
adenylyl cyclase; DAG, diacylglycerol; PKC, protein kinase C; NOS, NO-synthase; HO-2,
heme oxygenase 2; sGC, soluble guanylyl cyclase; PKG, cGMP-dependent protein ki-
nase; HCN, hyperpolarization-activated cyclic nucleotide-gated channel; TRPCI1, tran-
sient receptor potential cation channel 1; mGluR, metabotropic glutamate receptor; Pyk?2,
protein-tyrosine kinase 2; PiP2, phosphoinositol-1,4,5-biphosphate; PLC 3, phospholipase
C f; IP3, inositol triphosphate; IP*R, IP® receptor; RyR, ryanodine receptor; SERCA,
sarco-endoplasmic reticulum Ca?t ATP-ase.
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2.7 Transcriptome cell-specific predictions of cholin-
ergic receptors

In recent years, a wealth of transcriptomic data from the mouse brain has
become available [Saunders et al., 2015, Zeisel et al., 2018]. Many different
cell types may exist; one study found 565 different cell groups, for example
[Saunders et al., 2018]. Since a standard classification of cortical cell types
is still emerging, most articles employ different approaches to arrive at cell
type specific transcriptomes. We examined a representative data set from
the somatosensory cortex in order to interpret possible cell-specific differ-
ences in cholinergic receptor expression (Figure 5). We chose this data set
since excitatory cell types are mapped to layer-specific types, allowing the
easiest comparison with the types referenced in this review. In this dataset,
normalized expression of M1 receptors is highest in L4 PCs. There is a
strong expression of M2 in deep layer neurons, particularly in layer 5a. M3 is
highly expressed in layer 2/3 and layer 5a, while M4 is highest in layer 4. a3
nAChR subunits are highest in layer 4, but also in the deep layers. 8 subunit
expression is highest in layer 6 and layer 6a neurons. Inhibitory interneuron
expression of cholinergic receptors is definitely cell-type specific, though het-
erologous. PV cells express more nAchRa3 than do somatostatin-expressing
interneurons (Figure 5B). Somatostatin expression is best correlated with
M2 expression and nicotinic S subunit expression and negatively correlated
with M1 expression (Figure 5C). VIP and Htr3a expression is correlated
with nAchRa3, nAchRa4, and nAchRab. Furthermore, ChAT expression is
correlated with M1 expression. In layer ba, the effects of the predominantly-
expressed nAChR and mAChRs seemed to be synergistic. We also examined
an additional dataset for frontal cortex (Figure 5E; [Saunders et al., 2018]).
M5 is expressed in a subset of interneurons, including some cholinergic and
MCs. The nicotinic receptor Chrnab is expressed in a subset of deep PCs.
Chrnab is most expressed in a particular type of layer 5 PC. This dataset
illustrates that the degree of sub-classification of PCs is likely to be impor-
tant. For example, there are many subtypes of L5PCs, which have different
cholinergic receptor expression. Both datasets showed consistency in M3
expression in L2/3 and Lba PCs but not L4 and L5 PCs. In addition to
cell-type specific correlation, nAChR genes that encode heteromeric o/
subunits are well correlated among themselves [Zoli et al., 2015, Saunders
et al., 2018]. The genes encoding the a subunits correlate well with the
corresponding [ subunit. Cholinergic neurons can be identified by clus-
ter analysis [Zeisel et al., 2018]. In particular, separate types have been
identified in the red nucleus and habenular nucleus of the thalamus (ibid).
ACh often is released in neurons releasing other neurotransmitters. In the
habenular nucleus, the glutamate transporter Slc17a6, in cholinergic cells,
suggesting co-release of glutamate and ACh [Mancarci et al., 2017]. In the
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ventral midbrain, a neuron type that was both dopaminergic and cholinergic
was identified [Zeisel et al., 2018]. Many forebrain cholinergic neurons also
are GABAergic [Mancarci et al., 2017] (Mancarci et al., 2017), consistent
with the co-release of these two substances [Saunders et al., 2015].
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Figure 2.9: Figure 5 - Differential expression of cholinergic receptors in
transcriptome-derived cell types. (A) Excitatory cell types. (B) Interneurons in so-
matosensory cortex. Gene expression is normalized to a maximum of 1 on a gene-by-gene
basis. (C) Correlation matrix (positive values of correlation matrix Pearson correlation
coefficient matrix). (D) Anti-correlation matrix (negative values of correlation matrix).
The data is from Zeisel et al. (2018) and was collected with high-throughput single-
cell RNA sequencing, a method which counts individual RNA molecules. Abbreviations:
PV, parvalbumin; SST, somatostatin; VIP, vasointestinal peptide; ChAT, choline acetyl-
transferase. (E) Expression of ACh receptor genes across the Frontal cortex cell-clusters
identified in Saunders et al. (2018). The data was collected using Drop-seq (a method
which allows the use of older animals and elimination of certain technical artifacts) to
profile the RNA expression of individual cells. Semi-supervised independent component
analysis was used to group cells into the sub-clusters using network-based clustering (ibid).
Expression levels were normalized to the highest expression across all the selected genes.
In this data set, receptor expression was particularly high in L23 and L5a PCs.
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2.8 Global network effects and modulation of brain
states

The transition between different brain states that occurs whenever an organ-
ism switches from one behavioral state to another is associated with changes
in the overall pattern of neural activity, which can be captured with EEG or
LFP recordings. The pattern of EEG activity can change dramatically with
the behavioral state of the animal [Lee and Dan, 2012], as can be seen in the
transition from slow-wave sleep to wakefulness (or from deep sleep to REM
sleep), when the EEG pattern shifts from large and synchronous waves of
neural activity to a more desynchronized and short-amplitude wave pattern
[Berger, 1929]. Ensemble neuronal activity undergoes impressive changes
during behavioral state transitions, and different brain states have been as-
sociated with different brain functions; definitive evidence for these functions
although, is still lacking, and the mechanism by which these transitions are
achieved in the cortical network is not yet understood. Many authors have
proposed that the switch between cortical states may be driven by the ac-
tion of neuromodulators like ACh [Lee and Dan, 2012]. However, precisely
how these neuromodulators influence global cortical processing by locally
targeting specific cells is largely an unsolved mystery.

2.8.1 Basal forebrain modulation of brain states

A large body of evidence suggests that the BF, a complex and heteroge-
neous structure classically defined by the presence of clusters of cholinergic
neurons, is crucial for the maintenance of the sleep/wake cycle and for pro-
cesses that underlie arousal and attentional modulation, but it is unclear
which BF neurons promote each brain state and how they interact with
each other to regulate transitions between states [Anaclet et al., 2015]. Al-
ready since 1930, it was known that BF lesions could cause severe insomnia
[Saper et al., 2001]; however, this evidence has been an object of constant
challenge over the years, and the attempts to replicate this experiment would
yield different results. Finally, [Szymusiak and McGinty, 1986] observed that
sleep-active cells were confined to the ventral BF in the cat (the horizontal
limb of the diagonal bands of Broca, substantia innominata, entopeduncular
nucleus and ventral globus pallidus) and that these areas partially overlap
with those where chemical and electrical stimulations evoke sleep, and where
lesions suppress sleep. The sleep-active cells were thus considered optimal
candidates for mediating some of the sleep-promoting functions attributed
to the BF [Szymusiak and McGinty, 1986]. Many BF neurons are active dur-
ing wake and during REM sleep [Lee and Dan, 2012], and specific lesions
reduce wakefulness, in agreement with the finding that BF lesions cause
significant increases in delta waves occurrence during wakefulness, and that
BF stimulation induces cortical desynchronization of EEG or LFP signals,
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accompanied by a decrease in correlated spiking. Furthermore, the BF re-
ceives inputs from the LDT and PPT pontine nuclei; cholinergic neurons
that can be found at the level of the LDT nucleus exhibit an increase in fir-
ing rate during cortical activation, just before the transition from slow-wave
sleep frequencies to faster frequencies [Saper et al., 2010].

Therefore, it seems reasonable to hypothesize the existence of functionally
diverse neurons in the BF: according to [Duque et al., 2000], BF cells that
exhibit different wake/sleep activity pattern, also express different molecu-
lar markers [Zaborszky and Duque, 2000]. There are three major neuronal
types in the BF: cholinergic, glutamatergic and GABAergic cells [Anaclet
et al., 2015, Xu et al., 2015]. There might be extensive local synaptic in-
teractions among BF neurons mediating local reciprocal inhibition between
GABAergic neurons and sleep-active and wake-active cholinergic neurons.
The well-known flip-flop circuit for sleep/wake cycle control [Saper et al.,
2010] could, therefore, comprise multiple loops and switches. However, some
findings suggest that BF GABAergic neurons provide major contributions
to wakefulness, while cholinergic and glutamatergic neurons appear to play
a lesser role; chemogenetic activation of GABAergic neurons promotes wake
and high-frequency EEG activity, whereas cholinergic or glutamatergic acti-
vation have a destabilizing effect on slow-wave-sleep (SWS), but has no effect
on total wake [Anaclet et al., 2015]. Cholinergic neurons residing in the BF
can be divided into two subpopulations, that might be involved in different
functions: an early-spiking population may reflect phasic changes in cortical
ACh release associated with attention, while the late-spiking group could
be more suited for the maintenance of the cholinergic tone during general
cortical arousal [Unal et al., 2012].

2.8.2 ACh and GABA co-transmission

Nevertheless, functional co-transmission of ACh and GABA seems to be a
common feature of nearly all forebrain ACh-producing neurons [Henny and
Jones, 2008, Granger et al., 2016]. BF inputs to the neocortex are therefore
not only constituted of different fibers, but also use a mixture of functionally
diverse neurotransmitters [Kalmbach et al., 2012]. This opens the question
of whether there is a substantial difference between the cholinergic mod-
ulation and the BF modulation of neocortical activity. The contribution
of GABA needs to be considered when studying the functional impact of
ACh-producing neurons: electrical stimulation of BF fibers might evoke
markedly different responses than optogenetically-evoked selective cholin-
ergic release. Does the co-release happen in a target-specific modality, at
different terminals branching from the same axon, or is the release site the
same for both transmitters? And if so, how does GABA affect the ongo-
ing cholinergic modulation? Release of an excitatory (ACh) and inhibitory
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(GABA) neurotransmitter by the same axons seems to be functionally an-
tagonistic. However, both transmitters could act in parallel, depending on
the mode of co-transmission [Granger et al., 2016]. If both ACh and GABA
are released simultaneously onto the same post-synaptic cells, then GABA
may act to shunt the (supposed) excitation generated by ACh. Otherwise,
they could target different postsynaptic cells, such that GABA inhibits one
cell population while ACh excites another. Given previous experimental
results showing that GABA release from VIP interneurons shunts activity
of SSTT interneurons, but not other VIP interneurons, it is thought that
VIP/ChAT cortical interneurons may release ACh and GABA onto different
post-synaptic targets, perhaps from separate synaptic vesicle populations
[Granger et al., 2016]. Indeed, a recent analysis of the molecular com-
position of the pre-synaptic terminals of cortical VIP/ChAT interneurons
revealed that ACh and GABA vesicles are confined to separate boutons. At
the post-synaptic level, the subset of GABAergic boutons seems to contact
prevalently other inhibitory interneurons, while ACh boutons target mostly
L1 interneurons and other VIP/ChAT cortical interneurons. Here, ACh
evokes EPSCs that are mediated by nicotinic receptors|Granger et al., 2018].
Another recent study conducted in the mPFC confirms that only 10%-20%
of post-synaptic targets of VIP/ChAT cortical interneurons are contacted by
both cholinergic and GABAergic inputs [Obermayer et al., 2018]; here they
report that VIP/ChAT neurons directly excite interneurons in layers 1-3 as
well as PCs in L2/3 and L6 by fast nicotinic transmission. Immunolabeling
studies [Beaulieu and Somogyi, 1991] have shown substantial co-labeling of
presynaptic cholinergic terminals for both GABA and ChAT in the neo-
cortex, but more studies should address the functional consequences of the
synaptic co-release of these neurotransmitters and try to dissect the differen-
tial impact of each transmitter on postsynaptic cells excitability. Analysing
the co-localization of post-synaptic receptors or scaffolding proteins could
also allow the identification of individual synapses that are sensitive to both
ACh and GABA. These possibilities should be addressed systematically in
order to precisely understand the contribution of each neurotransmitter to
cortical processing.

2.8.3 ACh involvement in neuroplasticity

Apart from the fine-tuning of sleep/wake transitions, cholinergic neuromod-
ulation is tightly implicated in regulating selective attention to a given sen-
sory stimulus by altering the activity of the sensory cortex that perceives
that modality [Kim et al., 2016]. ACh is known to be especially involved in
cortical arousal [Saper et al., 2010] and in the state-dependent modulation of
cortical activity; cholinergic neurons are active during locomotion [Buzsaki
et al., 1988] and during transition to the attentive state [Kim et al., 2016].
Studies have shown that the occurrence of relevant sensory events evokes
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a transient increase in ACh concentration in the rat PFC [Hasselmo and
Sarter, 2011]. Conversely, activating cholinergic transmission in the PFC
determines an improvement in subject’s performance during sustained at-
tention tasks [Saper et al., 2010]. It is, therefore, reasonable to hypothesize
that ACh can induce long-lasting changes in neuronal excitability, and in-
deed this was demonstrated. Pioneering experiments showing that ablation
of noradrenergic and cholinergic innervation in the striate cortex substan-
tially impairs ocular dominance plasticity in kittens [Bear and Singer, 1986]
opened the way for subsequent studies on the involvement of ACh in cortical
plasticity. Some showed that when a tone is paired with NBM stimulation
or ACh application, auditory cortex receptive fields change and prolonged
enhanced responses to the paired frequency can be observed [Metherate and
Weinberger, 1990, Rasmusson, 2000]. Others discovered that co-application
of muscarinic agonists with glutamate induces a prolonged increase in re-
sponse to glutamate in somatosensory cortical neurons [Sugihara et al.,
2016], and that these effects concern as well the somatosensory cortex and
the primary visual area V1. According to Metherate and Weinberger (1990),
the potentiation can be blocked by cortical application of atropine, but oth-
ers [Sugihara et al., 2016] report that cholinergic antagonists cannot reverse
the prolonged changes, thereby confirming that ACh is necessary for the
induction, but not the maintenance of these modifications. ACh seems to
act more as an instructive, rather than a permissive signal [Lin et al., 2015].

ACh is as well involved in the generation of LTD at synapses between
cortical pyramidal neurons and striatal medium spiny neurons through dis-
inhibition of Caychannels. Here, the activation of D2 receptors reduces basal
ACh release from cholinergic striatal interneurons and lowers M1 receptor
tone in medium spiny neurons, which leads to enhanced opening of intraspine
Cay1.3 Ca?T channels in response to synaptic depolarization. The calcium
transient results in enhanced production of endocannabinoids (ECs) such
as 2-arachidonoylglycerol, and activation of presynaptic CB1 receptors that
reduce glutamate release [Wang et al., 2006] . Furthermore, the role of sev-
eral neuromodulatory systems in STDP induction [Pawlak, 2010] has been
studied across multiple brain areas. While dopamine (DA) and NA modula-
tion of STDP has been mostly investigated in subcortical areas, ACh’s role
in STDP induction has been extensively researched in neocortical sensory
areas and in the PFC. In mouse mPFC, nicotine application increases the
threshold for STDP in L5PCs by reducing their dendritic calcium signals.
This effect, however, is due to an enhancement in GABAergic transmission
in various types of interneurons in the PFC network, that express multiple
types of nAChRs [Couey et al., 2007], and not to a direct nicotinic action
on PCs. Taken together, evidence suggests that cholinergic inputs to the
cortex incoming from the BF should be viewed more as teaching, rather
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than motivational signals. Overall, activation of the cholinergic system con-
trols the shift from a correlated or synchronized state, to a decorrelated or
desynchronized state and results in an enhancement of cortical information
processing [Lee and Dan, 2012]. However, exactly how the detection of rel-
evant stimuli is enhanced and which are the mechanisms at the basis of this
ACh-induced desynchronization are still a matter of open debate.

2.8.4 ACh enhancement of sensory processing

NBM stimulation has a differential effect on spontaneous and sensory-evoked
activity. In a recent study, [Meir et al., 2018] showed that NBM stimula-
tion desynchronizes cortical LFP and increases the SNR of sensory-evoked
responses while suppressing ongoing spontaneous synaptic activity. The au-
thors recorded spontaneous PSPs occurring in L4 and showed that following
NBM stimulation the frequency and amplitude of sPSPs were decreased.
Moreover, the mean membrane voltage of the response became more hyper-
polarized, and trial-to-trial variability was decreased, both during sponta-
neous and evoked activity. However, sensory stimulation did not change the
amplitude of the response, whereas it caused a prominent reduction in the
noise amplitude, therefore changing the SNR. of the sensory response. By
analyzing the coupling of Vi, and LFP signals, they also showed that cholin-
ergic activation largely reduced fluctuations in the membrane potential and
caused a decorrelation in network activity. [Chen et al., 2015] were able
to identify a defined microcircuit in the superficial layers of mouse V1 that
supports ACh driven desynchronization. The authors measured the activity
of different inhibitory interneurons while optogenetically stimulating super-
ficial cholinergic axons, and found that cholinergic inputs facilitate SST
interneurons, which in turn inhibit PVT interneurons and PCs. Optogenetic
inhibition of SSTT neurons blocks desynchronization, whereas direct activa-
tion of SST™T neurons is sufficient to induce desynchronization [Chen et al.,
2015]. The observed desynchronization in cortical activity may explain the
role of ACh in mediating transitions between phases of the sleep-wake cycle,
but it fails to explain how ACh enhances sensory processing. A large body
of evidence suggests that ACh enhances sensory inputs while simultaneously
suppressing intrinsic cortical activation [Kimura et al., 1999, Disney et al.,
2007, Newman et al., 2012], but a detailed understanding of this process is
currently lacking. ACh’s role may substantially differ across sensory areas
and affect different tuning properties.

Nucleus basalis activation affects sensory responses to natural stimuli of
a population of cortical neurons. Before BF stimulation, multi-unit activity
(MUA) in the rat’s V1 is highly correlated but poorly time-locked to the
stimulus; after BF stimulation it becomes less correlated but more time-
locked to the sensory event. NBM stimulation also decreases single-unit
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activity (SU) correlation (between cells correlation) and increases response
reliability (between trials correlation coefficient) but does not induce any
significant change in receptive field size, orientation tuning nor direction
selectivity. Atropine application decreases NBM induced decorrelation, in-
dicating that mAChRs support this effect (Goard and Dan, 2009). After
NBM stimulation a shift in the firing modality of the LGN resembling that
found at the level of the thalamus can be observed, namely a transition
from burst to tonic mode [Bazhenov et al., 2002, Castro-Alamancos and
Gulati, 2014]. A similar study [Thiele et al., 2012] was conducted in the
extrastriate cortex of the macaque and yielded opposing results: at the level
of the middle temporal (MT) area it revealed how other tuning properties,
like orientation and direction discriminability, are also affected by cholin-
ergic modulation; in this case, ACh had little effect on response reliability,
though it is still not clear whether these differences are attributable to dif-
ferences existing between rodents and primates or to functional differences
between sensory areas. In an effort to clarify the precise role of neocorti-
cal cholinergic modulation, [Disney et al., 2007] concentrated on the role
of nAChRs in a well-studied cortical model system, the V1 of the macaque
monkey. Here they showed in vivo that nicotine reliably enhances the gain
of responses to visual stimuli in layer 4c, but not in other layers. Having
found B2-nAChR in a pre-synaptic position at the level of thalamo-cortical
synapses on PV interneurons, they prove that nicotine enhances detection
of visual stimuli through enhanced TC transmission. These findings confirm
that cholinergic activation causes an increase in cortical sensory responses
through enhancement of thalamic synaptic transmission and suppression of
intracortical inputs. A systematic effort to extend these results to other sen-
sory areas is therefore needed in order to decipher whether the mechanism
supporting cholinergic modulation is common throughout all cortical areas
or if different tuning properties are affected each time.

2.8.5 ACh modulation of thalamo-cortical transmission

Castro-Alamanco and Gulati recorded, multi-electrode activity (MUA) and
field potential from adult rat barrel cortex following multi-whisker stimula-
tion at 0.2 Hz, while increasing concentrations of carbachol or other drugs
were applied by means of micro-dialysis. The authors found that the appli-
cation of 50 pM carbachol, but not norepinephrine, can stop the emergence
of the 10-15 Hz oscillations that are observed during baseline recordings and
that in the presence of atropine these oscillations are even enhanced [Castro-
Alamancos and Gulati, 2014]. The effect of carbachol on barrel cortex LFP
is thus congruent with the traditionally termed desynchronization for doses
higher than 50 M [Moruzzi and Magoun, 1949, Steriade et al., 1993]. A low
tone of cholinergic activation (0.5-1 pM) however, reinforces the deactivated
cortical state by enhancing synchronous slow oscillations. A very high tone
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of cholinergic activation (250-2,500 pM) leads to a significant increase in
tonic firing, without altering the overall firing rate. An interesting follow-up
to this experiment would be to check whether the same effect can be ob-
served in the whole somatosensory region, and across other sensory cortices.
The group then tried to decipher whether cholinergic activation would also
modulate thalamocortical activity: by recording from the VPM, they found
that cholinergic cortical activation suppresses burst-firing in the thalamus
and changes neuronal firing to a tonic mode. This result is fairly consistent
with the outcome predicted by the model of thalamo-cortical slow-wave sleep
oscillations and transition to activated states generated by[Bazhenov et al.,
2002]. Here, the increase in ACh activity was modeled by the reduction
of a KT leak current in pyramidal and thalamo-cortical cells and resulted
in the abolishment of the hyperpolarizing phase of network activity and a
consequent increase in the input/resistance relationship, accompanied by a
switch to the tonic firing (15-20 Hz) modality. The transition from bursting
to tonic firing thus seems to be a characteristic feature of relay diencephalic
structures like the thalamus and the meta-thalamus. Enhanced thalamo-
cortical transmission seems to be a constant finding across a vast number of
articles and reviews [Bazhenov et al., 2002, Disney et al., 2007, Hasselmo and
Sarter, 2011] with the aim of revealing the mechanisms by which cholinergic
neuromodulation operates. Next studies in this field should, therefore, con-
sider the possibility that cholinergic inputs reach the cortex not only through
direct BF projections but also exploiting the thalamo-cortical loop. Voltage-
sensitive dye imaging revealed that ACh application to the neocortex, upon
stimulation of layer 2/3, suppresses the spread of excitation to nearby ar-
eas. Thus, ACh seems to play an important role in coding sensory stimuli
by enhancing thalamocortical inputs, but at the same time, by suppressing
intracortical interactions [Kimura et al., 1999]. One of the proposed models
for the cholinergic mediated shift from default mode to detection mode sug-
gests that ACh acts to enhance the glutamatergic representation of thalamic
input through stimulation of nAChRs, while suppressing the cortical spread
of associational input through activation of mAChRs (Hasselmo and Sarter,
2011). [Minces et al., 2017] recently evaluated the effect of increases in cor-
tical ACh following optogenetic BF stimulation on the correlation structure
of the visual network and found that transient cholinergic release in the cor-
tex decreases the slope between signal and noise correlations. The authors
propose that this mechanism acts to increase the encoding capacity of the
network. Another article evaluated the impact of ACh on local circuit ac-
tivation and found that cholinergic inputs exclude unreliable neurons from
contributing to circuit activity while conserving neurons that were active
in response to thalamic activity and showed strong correlations. Moreover,
weak functional connections were pruned, thus yielding a more modular and
hierarchical circuit structure. Once again, these results highlight how ACh is
able to reorganize the circuit function in a way that promotes the discrim-
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inability of thalamic inputs at the expense of weak pairwise relationships
[Runfeldt et al., 2014].

2.8.6 Sensory-modality specific information processing and

ACh

Many studies [Disney et al., 2007, Minces et al., 2017] have focused on try-
ing to understand the role played by ACh in improving stimuli detection or
modifying receptor fields size in the visual cortex. While many of them have
been done in primates, others have privileged the somatosensory areas and
highlight the involvement of the cholinergic system in the regulation of sen-
sory cortical processing in rodents as well, supporting the idea that cholin-
ergic modulation of cortical microcircuits is functionally equivalent across
brain areas and model organisms, even though a canonical and anatomically
equivalent system is not strictly identifiable [Coppola and Disney, 2018]. The
finding that distinct neuronal clusters in the BF project selectively to spe-
cific sensory areas [Kim et al., 2016] and that cholinergic inputs to sensory
cortices are spatially segregated supports the idea that cholinergic release
improves sensory discrimination in a modality-selective manner and with a
high degree of specificity. The authors mapped BF projections to differ-
ent sensory areas and found retrobead-labeled neurons from three different
sensory cortices within the BF, with a clear distinction between the clus-
ters of cells: neurons in the HDB project preferentially to V1, the posterior
part of NBM projects to Al, while the aNBM preferentially projects to S1.
These results were further confirmed by another experiment in which the au-
thors optogenetically activated cholinergic neurons in the BF subnuclei and
successfully induced modality-selective desynchronization in specific sensory
cortices. A similar experiment was performed by [Chaves-Coira et al., 2016],
who also used retrograde anatomical procedures to demonstrate the exis-
tence of specific neuronal groups in the BF implicated in the modulation
of specific sensory cortices. However, here the authors found that most of
the neurons located in the HDB projected to the S1 cortex, suggesting that
this area is specialized in the sensory processing of tactile stimuli, and the
NBM was found to have a similar number of cells projecting to S1 as to Al.
Furthermore, optogenetic HDB stimulation induced a larger facilitation of
tactile evoked potentials in S1 than auditory evoked potentials in A1, while
optogenetic stimulation of the NBM facilitated either tactile or auditory
evoked potentials equally. These results suggest that cholinergic projections
to the cortex are organized into spatially segregated pools of neurons that
modulate specific cortical areas; although, additional research will be needed
in order to provide a clear and definitive picture of the topographical orga-
nization of the projections arising from the BF region and innervating the
cortex. Despite the many attempts to clarify this issue, it remains unclear
whether there exist distinct neuronal populations in the HDB, or whether
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the differences observed in the outcomes of the experiments mentioned above
are due to discrepancies existing in the transgenic mouse lines used or to the
slightly different techniques that were employed. ACh is thus involved both
in the bottom-up attentional process that leads to a general and whole-state
arousal of the cortex and in the top-down modifications of circuit activity
that occur during detection of behaviorally relevant sensory stimuli. Cogni-
tive functions of cholinergic projection systems vary according to the brain
area that is being modulated. Cholinergic modulation may act as a common
mechanism to improve sensory encoding in several brain areas.

2.9 Summary and outlook

ACh release in the neocortex controls transitions between brain states, such
as attention, memory and wakefulness, and can occur through volume or
synaptic transmission. However, it is not clear yet whether one modality
prevails upon the other or if they are complementary mechanisms. Further
studies are needed to establish correlations between the distribution profile
of the receptor subtypes, the relative proximity and density of cholinergic
varicosities to assess differences between the two modalities. Moreover, as
results could vastly vary across species, a systematic effort is crucial to be
able to compare quantitative measurements. The expression of muscarinic
and nicotinic cholinergic receptors—the two main types—varies according to
the cell-type and the pattern of receptor localization varies across cortical
layers. A detailed knowledge of the subcellular localization of cholinergic
receptors is, however, currently lacking. The detection of cholinoceptive
structures such as the receptor protein has become easier with the advent
of polyclonal antibodies targeting different subtypes. Future investigations
should, therefore, converge on systematically measuring the amount of each
receptor subtype across cellular compartments. In this review, we have en-
deavored to determine, in a quantitative manner, the cellular and synaptic
effects of ACh release in the neocortex. While the cholinergic modulation
of excitatory PCs has been extensively researched, its effect on inhibitory
interneurons is still largely unknown. For example, the effect of ACh on
BCs (fast-spiking, PV" interneurons) remains unclear. This could be due
to the lack of a thorough classification of diverse morphological types of BCs
where a differential distribution of cholinergic receptors could modulate di-
vergent cellular and synaptic effects. Furthermore, it is not clear whether
bath-application of cholinergic agonists is comparable to a physiological ac-
tivation of the cholinergic system. Applied concentrations of cholinergic
agonists vary substantially (up to three orders of magnitude) across elec-
trophysiological studies, which seldom use more than one concentration. To
obtain carefully designed dose-response curves of the effects of cholinergic ag-
onists is paramount to dissect the consequences of physiological ACh release
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in the neocortex. The advent of optogenetics holds promise in designing
physiological protocols of ACh release. Future experiments should not only
merely employ traditional bath-application of cholinergic agonists but also
exploit optogenetics to reconcile how doses of agonists directly map to effects
of endogenous, physiological release of ACh. The effects of ACh on synaptic
connections can vary drastically according to the identity of the presynap-
tic terminal and its postsynaptic partner. Additionally, the magnitude of
the postsynaptic response also depends on the receptor subtype being acti-
vated. Therefore, there is a clear requirement for systematic investigations
of the effects of ACh on different synapse-types, combined with knowledge
of implicated cell-types and receptor subtypes to unravel the effects of ACh
release on necortical synaptic transmission. ACh is involved in the induction
of synaptic plasticity mechanisms, which could support its role in cortical
learning and memory. In addition, ACh enhances sensory processing by af-
fecting receptor fields size and tuning properties. It is not clear, however,
if the effects of ACh are modality-specific or can be generalized to all sen-
sory processing, nor exactly which tuning properties are affected. Many
studies point to a role of ACh in increasing the SNR of a sensory response,
and others describe how ACh suppresses cortico-cortical interactions in fa-
vor of thalamic transmission. Therefore, further clarification is required on
the matter. Moreover, special attention must be paid in integrating data
from primates and rodents: neuromodulatory systems are commonly the ob-
ject of evolutionary modifications, even though they might maintain some
functional similarity throughout species. The mechanisms of ACh-induced
changes in the physiology of neocortical neurons and their synapses, and how
these changes shape the emergence of global network states still remains elu-
sive. The impact of ACh on global cortical computations sustains cognitive
functions such as attention, learning and memory, which are characterized
by desynchronized network activity. Cholinergic inputs mainly originate in
the BF, a structure comprising distinct multi-transmitter neuronal popula-
tions. The functional relevance of neuronal subpopulations in the BF and
the co-release of two potentially antagonistic transmitters to the desynchro-
nization of cortical activity is unknown. Furthermore, recent work identifies
that a sub-population of VIPT cortical interneurons co-release ACh and
GABA with potentially differing functions across species. Future research
should, therefore, focus on dissecting the impact of each transmitter on cel-
lular excitability. In addition, analyzing the co-localization of post-synaptic
receptors could also allow the identification of individual synapses that are
sensitive to multiple neurotransmitters. All these possibilities should be ad-
dressed systematically in order to precisely understand the contribution of
each neurotransmitter to ACh-induced effects on the emergence of cortical
network states in health and disease.
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Chapter 3

Modelling the
neuromodulation of neural

microcircuits: a first-draft
data-driven framework

3.1 Introduction

As illustrated in the previous chapter, the understanding of the cholinergic
modulation of the neocortex has kept neuroscientists busy for decades and
despite numerous efforts to frame the problem into a wider picture, the quest
for underlying principles of biological organization has remained inconclu-
sive. The problem when looking at cholinergic neuromodulation, is that it
seems to get more complex as more research is conducted. The idea that
neuromodulatory principles can be understood primarily through the lenses
of experimental research is growing feebler as more evidence accumulates.
Let’s take for instance the problem of predicting the effects of ACh on a
given cell-type. Regardless of the century-old issue of objectively classifying
neuronal cell-types [Kanari et al., 2019, Tasic et al., 2018], it is not possi-
ble to answer in a simplified form, for instance that ‘ACh inhibits pyramidal
neurons’ or ‘ACh excites interneurons’ , because ACh modulation is dynamic
and context-depending. The effects of ACh vary based on its extracellular
concentration, the types and subtypes of receptors involved, the subcellular
localization of those receptors, the laminar position of the cell type exam-
ined, the neocortical area involved, the age and developmental state of the
animal, and they are not necessarily conserved across species. Furthermore,
the basal tone of ACh depends on the contextual cocktail of other neuromod-
ulators, and co-release of other transmitters, modulators or peptides that in
turn shape cholinergic inputs. Neuromodulation is an extremely sophisti-
cated phenomenon, and its inherent intricacy is likely to be at the heart of
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its cardinal role in the regulation of neural activity. Neuromodulation is the
process by which the activity of the microcircuit is fine-tuned at the level
of multiple biological scales of organization in order to achieve the desired
reconfiguration of network states, and organize the appropriate behavioral
response to environmental stimuli. Therefore, I think it is essential, if we
want to move forward in our understanding of neuromodulatory processes,
and more in general of brain structure and function, to generate new ap-
proaches to study these incredibly complex phenomena. Not everything can
be measured experimentally, and even if it were possible, merely gathering
more data will not deepen our understanding of the problem; as shown in
the previous chapter, the current approaches have led to the generation of
contradictory and often incompatible observations. Thus, there emerges a
need not only to fill the gaps in current knowledge, but also to integrate
all the known pieces in a coherent framework that makes the problem more
tractable.

Simulation neuroscience is a recent and rapidly evolving field, fueled by
advances in computing, that has nowadays been accepted as a complemen-
tary approach to experimental neuroscience to tackle the understanding of
the brain [Cremonesi et al., 2020]. Simulation based paradigms offer the
advantages of being comparatively low cost and high-throughput methods
that allow neuroscientists to conduct investigations that would be incredibly
challenging or impossible to achieve in real-life setups. Bio-physical models
are constrained via laboratory acquired data and, provided with state-of-
the-art computational tools, offer a way to expand a neuroscientist’s toolkit
to probe brain mysteries. The neocortical microcircuit model (NMC) de-
veloped by the Blue Brain Project (BBP) [Markram et al., 2015], is an
example among other approaches that were developed to bridge the gap
between the necessity to integrate large albeit sparse experimental datasets
and the inexplicable complexity of brain structure and function [Izhikevich
and Edelman, 2008]. The NMC model is a biologically plausible digital
reconstruction of rat neocortical microcircuitry constrained by experimen-
tal datasets that offers a unique opportunity to perform rigorous in-silico
experiments. Thus, it is an exceptionally suitable framework to explore
the mysteries of neuromodulatory phenomena. Given the multifaceted as-
pects of cholinergic neuromodulation it is paramount to capture the essen-
tial aspects that will be the foundations of the model: in the next section I
will present a proof-of-concept study based on phenomenological models of
ACh effects on neocortical cells and synapses. This first-draft data-driven
framework shows that simulating cholinergic release brings about shifts in
network oscillatory activity, thus validating the underlying hypothesis that
neuromodulators regulate transitions between global brain states by acting
on local microcircuits.
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In the last section of this Chapter, I will review the state-of-the-art lit-
erature about two other neuromodulators that are particularly relevant for
this thesis: DA and 5-HT.
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3.2 Data-driven modelling of cholinergic modula-
tion of neural microcircuits: bridging neurons,
synapses and network activity

Srikanth Ramaswamy, Cristina Colangelo and Henry Markram

Front. Neural Circuits, 09 October 2018
https://doi.org/10.3389/fncir.2018.00077

3.2.1 Abstract

The neocortex is densely innervated by cholinergic neurons projecting from
the basal forebrain, which release acetylcholine (ACh)[Mesulam et al., 1992,
Levey et al., 1987, Gielow and Zaborszky, 2017]. Diffuse release of ACh tar-
gets neurons and synapses in neocortical microcircuits, and regulates behav-
ioral states, such as attention, wakefulness, learning and memory [Mether-
ate et al., 1992, Hasselmo, 1995, Hasselmo, 1999, Lee and Dan, 2012].
It is thought that the actions of ACh on the physiology of neurons and
synapses plays a key role in switching cortical rhythms that underlie a di-
versity of behavioral states [McCormick, 1992, Steriade et al., 1993, Xiang
et al., 1998a, Picciotto et al., 2012, Zagha and McCormick, 2014]. Much
of our knowledge on the regulation of neuronal and synaptic physiology by
ACh comes from studies in cortical slices that have combined whole-cell
somatic recordings and bath-application of ACh agonists, such as carba-
chol (CCh), to the extracellular recording medium [Wang and McCormick,
1993, Kawaguchi and Kubota, 1997], [Gulledge et al., 2007, Gulledge and
Stuart, 2005, Gulledge et al., 2009, Levy et al., 2008], [Eggermann and
Feldmeyer, 2009, Brombas et al., 2014, Chen et al., 2015, Poorthuis et al.,
2014, Urban-Ciecko et al., 2018]. Emerging data suggest that ACh con-
trols the excitability of neocortical neurons, enhances the signal-to-noise ra-
tio of cortical responses, and modifies the threshold for activity-dependent
synaptic modifications by activating postsynaptic muscarinic (mAChR) or
nicotinic (nAChR) receptors. At the cellular level, it is understood that
ACh mostly activates mAChRs to depolarize neurons and initiate action
potentials (APs) [Krnjevié¢, 2004, Kawaguchi and Kubota, 1997, Gulledge
et al., 2009, Eggermann et al., 2014]. However, a handful of studies also
suggest that ACh transiently activates mAChRs and strongly inhibits the
initiation of APs in neocortical pyramidal neurons [Gulledge and Stuart,
2005, Gulledge et al., 2007]. At the level of synapses, it is known that ACh re-
duces the efficacy of excitatory connections in the neocortex. For example, in
synaptic connections between thick-tufted layer 5 pyramidal cells (TTPCs),
which are marked with pronounced short-term depression, bath-application
of 5-10 uM of CCh during presynaptic stimulation, rapidly reduces the rate
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of depression in a train of postsynaptic potentials (PSPs) without affect-
ing the so-called stationary PSPs[Tsodyks and Markram, 1997, Levy et al.,
2008]. In contrast, administering a similar amount of CCh on facilitating
synaptic connections between TTPCs and Martinotti cells (MCs) increases
the strength of successive PSPs [Levy et al., 2008]. Although some of the
cell-type, and connection-type specific effects of ACh in the neocortex have
been experimentally mapped, the vast majority remains unknown.

Neuronal anatomy
« 55 morphological (m) types
+ 13 excitatory & 42 inhibitory m-types
* ~ 350 m of axons

* ~ 215 m of dendrites
* Maximum branch order of m-types:

Neuronal physiology
* 11 electrical (e) types
+ 207 morpho-electrical (me) types

+ 13 Hodgkin-Huxley type ion
channel models
+ lon channel distribution in me-types:

[Excitatory| 24 | 35 | [ Uniform [ 865 |
[Inhibitory| 50 | 17 | -
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« 3,025 possible synaptic pathways

Synaptic physiology
* 6 synapse types
* Predicted maps of synaptic input &
output for 207 me types
* Peak conductance per synapse:
0.85 nS for excitatory & 0.66 nS for
inhibitory synapses
+ Total synaptic conductance in a
single neuron is ~1000 nS

O
& &

+ 1,941 viable synaptic pathways
* 651 excitatory pathways
= 1,290 inhibitory pathways

Microcircuit anatomy Microcircuit physiology

* bAP & EPSP attenuation for 207
me types

* Predictions of spiking patterns
during spontaneous activity for
31,346 neurons

+ Spectrum of synchronous-
asynchronous neocortical states
modulated by extracellular [Ca?*]

* 6 layers

* ~2 mm thick

*0.29 mm? in volume

* 31,346 neurons

* 111,700 neurons/mm?

« Excitatory to inhibitory neuron ratio
of 86:14 %

Figure 3.1: Figure 1 - Summary of the biologically detailed tissue model of
neocortical microcircuitry. Top left: overview of neuronal anatomy in the reconstruc-
tion. Top right: summary of neuronal physiology. Middle left: overview of synaptic
anatomy. Middle right: fact and figures on synaptic physiology. Bottom left: summary
of microcircuit anatomy. Bottom right: overview of microcircuit physiology.

3.2.2 Introduction

It is thought that ACh and its interactions with other neuromodulators such
as dopamine, noradrenaline and histamine is important in regulating cog-
nitive functions including arousal and attention, sleep-wake cycles, reward,
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Figure 3.2: Figure 2 - Validation of anatomical and physiological properties
in the tissue model of neocortical microcircuitry. (A) Normalized neuronal den-
sities. Number of stained neurons per 100 um bin from layers 1 to 6. Red: experiment
(counts/bin), blue: digital model (counts/bin; mean + SD, N = 100 bins). Dashed line
has unit slope. (B) Mean number of synapses per connection in excitatory-excitatory (E-
E), excitatory-inhibitory (E-I), inhibitory-excitatory (I-E) and inhibitory-inhibitory (I-I)
pathways. Red: experiment, blue: digital model. Dashed line has unit slope. (C) Mean
coefficient of variation (c.v.; defined as standard deviation/mean) of the amplitude of the
postsynaptic potential (PSP) for pathways some of the pathways in (B). (D) same as in
C, but for the mean amplitude of the PSP for some of the pathways in (B).
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learning and memory [Blandina et al., 2004, Calabresi et al., 2006, Lester
et al., 2010, Constantinople and Bruno, 2011]). Yet, it has been difficult to
develop a unifying view of how ACh controls neuronal and synaptic phys-
iology and impacts neocortical network dynamics. An impediment in this
direction is probably due to the fact that ACh differentially controls the
activity of neocortical neurons and synapses in complex ways, making it
difficult to reconcile its systemic effects [Munoz and Rudy, 2014]. Computa-
tional models of neocortical microcircuitry at the cellular and synaptic level
of biological detail not only offer an integrative platform to bring together
experimental data capturing the specific effects of ACh on dendrites, neu-
rons and synapses, but also make it possible to generate predictions on the
actions of ACh at the network level. As a way forward, we developed a first-
draft, data-driven framework that leverages a recent, rigorously validated
digital model of the microcircuitry of juvenile rodent somatosensory cor-
tex [Markram et al., 2015, Ramaswamy et al., 2015] (Figure 1) comprising
31000 neurons distributed across six layers, 55 layer-specific morphological
(m), 11 electrical (e) and 207 morpho-electrical (me) neuron subtypes that
are connected through 40 million synapses and six dynamical synapse (s)
types (Figure 2). Next, we augmented the model by integrating the phe-
nomenological cell-type specific effects of ACh neuronal and synaptic phys-
iology from published literature [Kawaguchi and Kubota, 1997, Tsodyks
and Markram, 1997, Chen et al., 2015, Gulledge and Stuart, 2005, Gulledge
et al., 2007, Eggermann and Feldmeyer, 2009]. This data-driven approach
enabled us to bridge how the local impact of ACh on neurons and synapses
are broadcast to the global level and influence the emergence of neocortical
network activity. Model parameters were not tuned to replicate any specific
ACh-induced network effects. Using this framework, we derive preliminary
predictions, which suggest that a dose-dependent change in ACh levels shifts
neocortical network state from highly synchronous to asynchronous activity,
and distinctly shapes the structure of spike-spike cross-correlations between
specific neuronal populations.

3.2.3 Methods

A digital model of the microcircuitry of juvenile rodent somatosensory cor-
tex was reconstructed as previously described [Markram et al., 2015, Ra-
maswamy et al., 2015, Reimann et al., 2015]. In brief, the reconstruction
process comprised the following.

Microcircuit dimensions

Thicknesses of individual layers and the diameter of the microcircuit were
used to construct a virtual hexagonal prism. A virtual slice was generated
from a 1 x 7 mosaic of microcircuits as a cortical sheet with a thickness of
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Figure 3.3: Figure 3 - Integrated summary of the cellular, synaptic and micro-
circuit effects of acetylcholine (ACh) in the tissue model of neocortical micro-
circuitry. (A) Integrated sparse data-sets from published literature on the dose-response
effects of ACh on the normalized resting membrane potential of neocortical neurons. Error
bars show SD. (B) same as in A, but for neuronal firing rate. (C) same as in A, but for the
first PSP amplitude. (D) Predicted effects of different ACh levels on the resting potential
and firing rate of neocortical e-types. Only six e-types are shown. cAD, continuous ac-
commodating (all pyramidal cells); cAC, continuous accommodating (interneurons); bIR,
burst irregular, cNAC, continuous non-accommodating; ¢STUT, continuous stuttering;
dNAC, delayed non-accommodating. (E) Predicted effects of different ACh levels on the
physiology of all neocortical s-types. (F) Prediction of the effect of ACh concentration on
network dynamics. Clockwise from left, voltage rasters of 1000 randomly sampled neurons
across layers 1-6 at different ACh concentrations.
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230.9 pm and a width of 2,800 pm.

Cellular composition

Measurements of neuronal densities across neocortical layers and fractions
of m- and me-types were used to generate the position of individual neurons
in the reconstructed microcircuit, constrained by layer-specific proportions
of excitatory and inhibitory neurons. Each neuron was assigned the optimal
morphology for its location in the microcircuit.

Digital Neuron morphologies

Neuronal morphologies were obtained from digital 3D reconstructions of
biocytin-stained neurons after whole-cell patch-clamp recordings in 300 pm-
thick, sagittal neocortical slices from juvenile rat hind-limb somatosensory
cortex. Severed neurites of morphologies due to the slicing procedure were
algorithmically regrown). Neurites were digitally unraveled to compensate
for shrinkage. Neuronal morphologies were then cloned to obtain a sufficient
representation of all m-types.

Electrical neuron models

Conductance based, multi-compartmental electrical models of neurons were
produced using up to 13 active ion channel mechanisms and a model of
intracellular Ca?t dynamics. Axon initial segments (AIS), somata, basal
and apical dendrites were modeled as separate, but interconnected com-
partments. Pyramidal neurons contained two dendritic regions, whereas
interneurons contained only one dendritic region. Each region received a
separate set of ion channels (see NMC portal; [Ramaswamy et al., 2015]).
With respect to the axon, only the AIS was simulated due to technical lim-
itations in simulating complete axons of all 31000 neuron models. Each
AIS was represented by two fixed length sections, each with a length of 30
um; diameters were obtained from the reconstructed morphology used for
model fitting. APs detected in the AIS were propagated to the synaptic con-
tacts with a delay corresponding to the axonal delay required to propagate
to each synapse, assuming an axonal velocity of 300 um/ms. As previously
described, electrical models were fitted using a feature-based multi-objective
optimization method.

Synaptic anatomy

The number and location of synaptic contacts were derived using an algo-
rithm, described previously [Reimann et al., 2015]. The algorithm removes
axo-dendritic appositions that do not obey the multi-synapse and plasticity
reserve rules and ensures compatibility with biological bouton densities.
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Synaptic physiology

Excitatory synaptic transmission was modeled using both AMPA and NMDA
receptor kinetics. Inhibitory synaptic transmission was modeled with a com-
bination of GABA-A and GABA-B receptor kinetics. Stochastic synap-
tic transmission was implemented as a two-state Markov model of neuro-
transmitter release, a stochastic implementation of the Tsodyks-Markram
dynamic synapse model. Biological parameter ranges for the three model
parameters—neurotransmitter release probability, recovery from depression
and facilitation—were obtained from experimental measurement for synap-
tic connections between specific m- and me-types or between larger cate-
gories of pre and postsynaptic neurons.

Microcircuit simulation

The digital model of neocortical microcircuitry was simulated using the
NEURON simulation environment, augmented for execution on a supercom-
puter [Hines and Carnevale, 1997, Hines et al., 2008], along with custom tools
to setup and configure microcircuit simulations, and read output results. We
simulated spontaneous background activity by injecting tonic background
depolarization to the somata of all neurons, and by modeling miniature
PSCs, which were implemented using an independent Poisson process (of
rate Aspont) at each individual synapse to trigger low release. Spontaneous
release rates for inhibitory and excitatory synapses were parameterized to
match biological observations [Ling and Benardo, 1999, Simkus and Stricker,
2002]. The excitatory spontaneous rate was scaled up per layer to account
for missing extrinsic excitatory synapses projecting from subcortical regions,
such as the thalamus. The resulting spontaneous release rates for unitary
synapses were low enough (0.01 Hz—0.6 Hz) so as not to significantly depress
individual synapses.

Implementation of dose-dependent effects of ACh on cellular ex-
citability

Dose-dependent effects of ACh on cellular excitability was achieved by depo-
larizing somatic step current injection, which caused an increase in the rest-
ing membrane potential and firing frequency. Step currents were expressed
in terms of percentage of the minimum step current injection required for
each cell to spike at least once (rheobase).

Implementation of dose-dependent effects of ACh on synaptic trans-
mission

Dose-dependent effects of ACh on synaptic physiology was achieved by
changing the utilization of synaptic efficacy parameter (U) in the stochastic

66



synapse model. The effect of ACh on excitatory and inhibitory synaptic re-
sponse amplitudes were simulated by modifying the neurotransmitter release
probability for all synaptic contacts underlying m-type specific connections
according the extrapolated dose-dependence curve compiled from literature.
Due to lack of data for specific synaptic connection-types, we assumed that
all excitatory and inhibitory connections showed the same dose-dependent
effects to ACh.

Cross-correlations

Mean spike-spike cross-correlations were computed as the average of all
spike-times measured in 10000-20000 randomly sampled pairs of excita-
tory—excitatory (E-E), excitatory—inhibitory (E-I), inhibitory—excitatory (I-
E) and inhibitory—inhibitory (I-I) neurons. Cross-correlograms were com-
puted in Matlab (version 9.1).

3.2.4 Results
ACh modulation of neuronal physiology

Cell-type Experimental technique Physiological effect References
L23PC Bath-application of ~5-100 pM of CCh Prolonged depolarization; increased
in Rat/Mouse cortical slices (P13-28) firing rate
L23 MC Bath-application of ~10-100 M of GCh Depolarization; increased firing rate
in Rat/Mouse cortical slices (P13-28)
23 SBC/DBC/BP Bath-application of ~10-100 pM ACh Depolarization; increased firing rate
in Rat’Mouse cortical slices (P18-28)
L5 PC Bath-application of ~100-200 pM ACh Slow depolarization; Increased Eggermann and
in Rat cortical slices (P18-60) firing rate et al. (2017)

Figure 3.4: Table 1 - Summary of input data sources on ACh-induced effects on the
excitability of neocortical cell-types

Next, we integrated experimental data on the impact of ACh on the
resting membrane potential and cellular excitability of neocortical neurons,
which enabled us to build a dose-dependent activation profile across a range
of ACh concentrations obtained from published literature (Figures 3A,B; see
Table 1). We have previously shown that a piece of neocortical tissue, 0.3
mm? in volume, consists of 55 m-types and 11 e-types, resulting in 207 me-
types (for a description of m-, e- and me-types see https://bbp.epfl.ch/nmc-
portal /glossary) distributed across six layers (Figure 1). Next, we used
validated digital models of 207 me-types that were optimized to reproduce
diverse electrophysiological features of excitatory and inhibitory neocortical
neurons such as AP amplitudes and widths, mean firing frequency and ac-
commodation index [Ramaswamy et al., 2015, Van Geit et al., 2016]. We
extended these models by identifying an appropriate level of depolarizing
step current injection into the soma, which led to an increase in the resting
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membrane potential and firing frequency of each me-type to mimic the dose-
dependent effects of ACh on cellular excitability (Figure 3D; see “Methods,”
section). The amount of injected step current used to simulate cellular ex-
citability at different ACh levels was expressed in terms of percentage of
the minimum current injection required for each me-type model to generate
at least a single AP (rheobase; see “Methods,” section). In this first-draft
implementation of the framework, obtained by augmenting an existing de-
tailed model of neocortical microcircuitry, we began by assuming that all
excitatory and inhibitory me-types respond similarly to ACh levels. Excita-
tory me-types including PCs in all layers and L4 spiny neurons were grouped
together. All me-types responded with a change in intrinsic excitability that
was predicted to switch from sub-threshold to supra-threshold behavior at
an ACh concentration of 50 uM (Figure 3D; six randomly chosen me-types
are shown). The mean AP firing frequency in all me-types increased signifi-
cantly from 5 Hz to 10 Hz for a four-fold change in ACh from 50 pM to 200
uM (Figure 3D).

ACh modulation of synaptic physiology

Connection-type

Short-term dynamics

Experimental technique

Physiological effect

Reference

L23PC — L23 BC

L23PC — L23 PC

L4 excitatory — L4 excitatory

L5PC— L5PC

LS PC— LEPC

E2 Excitatory, depressing

E2 Excitatory, depressing

E2 Excitatory, depressing

E2 Excitatory, depressing

E2 Excitatory, depressing

Bath-appication of ~5 uM of
CChinRat 51 slices (P11-26)

Bath-application of ~10 pM
oxotremaring or muscarine in
Rat A1 slices (P21-28)

Bath-application of ~100 uM
ACh in Rat 81 slices (P18-24)

Bath-application of
~100-150 pM ACh in Rat
51 slices (P13-15)

Bath-application of ~200 pM
ACh in Rat 51 slices (P13-15)

Reduction of first PSP
amplitude to ~80% of contrel

Decreases first EPSC
amplitude to ~53% of control

Diminishes first PSP
amplitude to ~40% of control

Reduction of first PSP
amplitude to ~25% of control

Decreases first PSP
amplitude to ~5% of control

Levy et al. (2008)

Atzori et al. (2005)

Eggermann and Feldmeyer
(2009)

Tsodyks and Markram (1997)

Tsodyks and Markram (1997)

Figure 3.5: Table 2 - Summary of input data sources on ACh-induced effects on the
physiology of neocortical synaptic connections

As the next step, we unified relevant published data, and extrapolated
a dose-dependent activation curve of the effects of varying concentrations of
ACh on the response amplitude of the first PSP for all neocortical s-types
(Figure 3C; see Table 2). It is known that neocortical synapses exhibit
at least six distinct forms of excitatory (E) and inhibitory (I) short-term
plasticity that are used to distinguish synaptic connections into facilitating
(E1 and 11), depressing (E2 and 12), and pseudo-linear (E3 and I3) dynamic
s-types [Reyes et al., 1998, Gupta et al., 2000, Thomson, 2007]. We have pre-
viously shown that 55 m-types establish around 1,941 morphology-specific
synaptic connection types, whose dynamics are governed by one of the six
s-types dictated by the pre-post combination of m-types [Markram et al.,
2015, Ramaswamy et al., 2015, Reimann et al., 2015]. We augmented this
model to include the effects of ACh modulation of the first PSP amplitude
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Figure 3.6: Figure 4 - ACh modulates synaptic transmission failures and re-
organizes network connectivity. (A) A matrix representation of the average synaptic
transmission failures for 1941 connections formed between the 55 m-types (presynaptic on
x-axis; postsynaptic on y-axis) in the control condition. Red lines separate excitatory and
inhibitory m-types. Black circle shows the L23PC to L23MC connection. (B) Same as
in A, but for [ACh] = 5 uM. (C) Same as in A, but for [ACh] = 50 pM. (D) Same as
in A, but for [ACh] = 200 pM. (E) Violin plot showing the complete probability density
distribution of synaptic transmission failures for all excitatory connections (N = 481) in
the control condition and across different ACh levels. White circle inside the violin plot
shows the median of the distribution. Black line shows the interquartile range. (F) Same
as in E, but for all inhibitory connections (N = 1460).
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of s-types and derived predictions on how their short-term facilitating, de-
pressing and pseudo-linear dynamics are controlled by ACh (Figure 3E). It
is known that ACh powerfully modulates the PSP amplitude of synaptic
connections between excitatory neocortical m-types, very likely by modify-
ing the probability of glutamate release [Levy et al., 2008, Eggermann and
Feldmeyer, 2009]. However, it remains unclear if ACh controls inhibitory
synaptic transmission in the neocortex by modulating GABA release in sim-
ilar ways to glutamate [Kruglikov and Rudy, 2008, Yamamoto et al., 2010].
Therefore, in this first-draft implementation, we assumed that ACh regu-
lates the physiology of both excitatory and inhibitory synaptic connections
in comparable ways (Figure 3C; see Table 2). In order to simulate the
change in PSP amplitude as a function of ACh concentration, we modified
the neurotransmitter release probability for all synaptic contacts underly-
ing m-type specific connections according the extrapolated dose-dependence
curve compiled from literature (Figure 3C).

We found that ACh exerted highly diverse effects on the PSP amplitude
for the six s-types (Figure 3E). The impact of ACh concentrations (5-200
uM) on the first PSP amplitude evoked by injecting a train of nine APs
at 30 Hz into the presynaptic soma was superficial compared to control for
both E1 (between a 123 PC and a MC) and I1 (between a 123 small basket
cell (SBC) and a PC) s-types (Figure 3E, top left; maximum responses are
normalized to control). However, the very pronounced facilitation typically
observed for the E1 s-type was strongly suppressed at higher (200 puM),
rather than lower concentrations (5-100 uM) of ACh (Figure 3E, top left).
We found that the amplitude of the first PSP and the subsequent facilitating
dynamics for the I1 s-type was not substantially modulated by ACh, despite
a four-fold increase in concentration (Figure 3E, bottom left; from 5 pM to
200 puM). The physiology of both E2 (between L5 two thick-tufted pyra-
midal cells; Figure 4E, top center) and 12 (between a L5 MC and a TTPC;
Figure 3E, bottom center) s-types was crucially impacted by different ACh
levels (5-200 pM). On average, the first PSP amplitude for both E2 and 12
s-types was reduced to about 75%, 50% and 10% of control at ACh concen-
trations of 5, 50 and 200 uM ACh, respectively (Figure 3E, top and bottom
center). Amplitude of subsequent PSPs decreased to 50%-80% of control
with markedly diminished rates of depression, but consistent with previous
observations, did not critically impact the amplitude of stationary PSPs
[Tsodyks and Markram, 1997, Levy et al., 2008, Eggermann and Feldmeyer,
2009]. Higher concentrations of ACh at 200 pM almost completely shutoff
depressing synaptic transmission (Figure 3E, top and bottom center). For
E3 (between two L6 PCs; Figure 4E, top right) and I3 (between a L5 Nest
basket cell (NBC) and a TTPC; Figure 3E, bottom right) pseudo-linear
s-types ACh concentrations between 5-100 uM did not cause an increase
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in the amplitude of the first PSP in a train. At ACh concentrations of 5
and 50 uM, the mean amplitude of the first PSP for E3 and I3 s-types was
approximately 70% and 85% of control, respectively (Figure 3E, top and
bottom right). Whereas, the amplitude of the first PSP at 200 pM ACh
was diminished to about 10% and 50% for E3 and I3 s-types, respectively
(Figure 3E, top and bottom right). However, despite an exponential increase
in ACh levels from 5 pM to 200 M the modulation of pseudo-linear dy-
namics for E3 and I3 s-types appeared to be insensitive to ACh. We predict
that an increase in ACh concentration, more than an order of magnitude,
has a steep modulatory effect on the physiology of E2 and 12 s-types, but
only a superficial impact on E1, 11, E3 and I3 s-types.

The diversity of the effects of ACh on the dynamics of the six s-types is
somewhat surprising because we implemented homogeneous ACh-induced
effects on excitatory and inhibitory synaptic connections in this first-draft
framework. Although an exhaustive exploration is beyond the scope this
study, it is very likely that the predicted differences in ACh-induced effects
on synaptic transmission could arise due to the fact that the anatomical
and physiological properties for each of the six s-types in the detailed digi-
tal model of neocortical microcircuitry, which forms the foundation for the
framework presented here, are quite diverse [Markram et al., 2015]. For ex-
ample, in the detailed digital microcircuit model, there is a large variability
in the mean number of synapses for each of the six s-types, which ranges
from 5 to 20 contacts per connection, the clear-cut innervation patterns by
which synaptic contacts are distributed due to distinct axo-dendritic mor-
phologies, and the specific parameter sets used to model synaptic transmis-
sion—peak quantal conductances, release probabilities, time constants for
recovery from facilitation and depression [Markram et al., 2015, Ramaswamy
et al., 2015, Reimann et al., 2015]. Given that ACh levels modulate the first
PSP amplitude by modifying the probability of neurotransmitter release,
it should also influence the efficacy and reliability of synaptic transmission.
We, therefore, took advantage of our framework to investigate how ACh con-
centration impacts the reliability of transmission for all 1,941 morphology-
specific synaptic connections formed by 55 m-types in neocortical microcir-
cuitry. The average transmission failures for all synaptic connections in the
control condition without any ACh was 14.3 + 19.1% (mean £ SD, N =
1, 941 connections), 22.6 + 27.1% for all excitatory connections (N = 481)
and 11.6 £ 14.7 for all inhibitory connections (N = 1460). Transmission
failures for all synaptic connections at simulated ACh levels of 5, 50 and
200 uM increased nearly fourfold in comparison against control to 20.5 +
19.3%, 29 + 19.7% and 55.3 + 22.6%, respectively. Figures 4A-D shows the
predicted average transmission failures for all the 1,941 synaptic connections
across different simulated levels of ACh. Upon closer examination, we found
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that the average transmission failures for all excitatory synaptic connections
(N = 481) at simulated ACh concentrations of 5, 50 and 200 pM changed
nearly threefold compared against control to 27.3 &+ 25.5%, 36.3 + 24.7%
and 61 + 26.7%, respectively (Figure 4E). Transmission failures for all in-
hibitory connections (N = 1460) at simulated ACh levels of 5, 50 and 200
uM changed nearly four fold in comparison against control to 18.3 + 16.2%,
26.6 + 17.5% and 53.5 £+ 20.8%, respectively (Figure 4F).

Our preliminary predictions could provide insight on how ACh modulates
local cell-type specific connectivity maps between pairs of pre-postsynaptic
neurons to reorganize network architecture. In the control case, without
ACh, failures between most of the 1,941 morphology-specific synaptic con-
nections are low, which results in highly reliable transmission, and therefore,
translates to a higher correlation of a presynaptic spike evoking a postsy-
naptic response. As ACh concentration increases, failures between synap-
tic connections increase, which shifts the map of reliable transmission in
favor of lower correlation of a presynaptic spike inducing a postsynaptic
response. Experimental studies that have attempted to characterize the
effects of ACh on enhancing synaptic properties under in vivo-like condi-
tions, in particular transmission failures are few and far between. How-
ever, a recent study examined ACh-induced effects on pairs of excitatory
L23 PCs and inhibitory somatostatin-expressing neurons (putative MCs)
in mouse visual cortex, which are predominantly mediated by weak, facil-
itating synapses [Urban-Ciecko et al., 2018]. The study, which undertook
paired whole-cell recordings in vitro by mimicking in vivo-like conditions
(high CCh and low Ca?* levels in the extracellular recording medium), and
also through endogenous ACh release by optogenetic stimulation in vivo, re-
ported that synaptic transmission between these cell-types was marked with
high failures, in the order of 70% on average [Urban-Ciecko et al., 2018].
Although, our framework cannot fully mimic in vivo states, predictions of
average synaptic transmission failures for connections between L23 PCs and
MCs at high ACh concentrations (Figure 4D; about 75% at 200 uM) are
consistent with experimental findings. Indeed, our results need to be further
validated through targeted experiments. However, the predicted non-linear
change in transmission failure rates of all synaptic connections as a function
of varying ACh levels is rather striking despite an assumption of homoge-
neous ACh-mediated effects on both excitatory and inhibitory synapses.

ACh modulation of network activity

It is thought that ACh enhances arousal and vigilance in primary sen-
sory cortices by altering the signal-to-noise ratio of incoming synaptic input
[Minces et al., 2017]. However, it remains unclear how the differential regula-
tion of neuronal and synaptic physiology by ACh, specifically the modulation
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Figure 3.7: Figure 5 - Predicting only the pre- and postsynaptic effects of ACh
on network activity. (A1) Voltage raster of 1000 randomly sampled neurons across
layers 1-6 with neurotransmitter release probability and somatic depolarization values
resembling the control condition. (A2) Same as A1, but with constant somatic depolar-
ization and neurotransmitter release probability resembling [ACh] = 5 uM. (A3) Same
as Al, but with constant somatic depolarization and neurotransmitter release resembling
probability [ACh] = 50 M. (A4) Same as A1, but with constant somatic depolarization
and neurotransmitter release probability resembling [ACh] = 200 M. Upward and down-
ward arrows depict the changing gradient of neurotransmitter release probability. (B1)
Voltage raster of 1000 randomly sampled neurons across layers 1-6 with neurotransmitter
release probability and somatic depolarization values resembling the control condition.
(B2) Same as in B1, but with constant neurotransmitter release probability and somatic
depolarization resembling [ACh] = 5 pM. (B3) Same as in B1, but with constant neu-
rotransmitter release probability and somatic depolarization resembling [ACh] = 50 pM.
(B4) Same as in B1, but with constant neurotransmitter release probability and somatic
depolarization resembling [ACh] = 200 uM. Downward and upward arrows depict the
changing gradient of somatic depolarization.
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of feedforward excitatory and feedback inhibitory transmission, influences
the emergence of neocortical network activity. Previous work has shown
that failure of synaptic transmission leads to a suppression of firing rate os-
cillations and network synchrony [Rosenbaum et al., 2014]. In the next set
of simulations, we investigated the impact of the ACh-induced changes on
the physiology of 31000 neurons and 1941 morphology-specific synaptic con-
nections in collectively shaping the dynamics of neocortical microcircuitry.
We incorporated phenomenological models of ACh control of neuronal and
synaptic physiology into a validated digital model reconstruction of neocor-
tical microcircuitry [Markram et al., 2015] and explored how ACh-induced
effects on local cells and synapses modulate global network activity.

To enable a direct comparison with experimental data obtained from
cortical slices on the impact of ACh on cellular excitability and synaptic
transmission, we created a virtual slice (with a thickness of 231 pm; see
“Methods,” section) to explore neocortical network activity for a range of
ACh concentrations (see “Methods,” section). We simulated spontaneous
activity in the virtual slice by applying tonic background depolarization (see
“Methods,” section) and found that in the control condition without any ex-
tracellular ACh, neocortical network activity exhibited low-frequency ( 1.7
Hz), highly synchronous bursts of oscillatory behavior (Figure 3F, top left)
akin to previous reports of regular rhythmic activity during slow-wave sleep
[Steriade et al., 1993, Sanchez-Vives and McCormick, 2000, Reyes, 2003].
ACh concentrations at 5 and 50 uM further diminished the frequency of
synchronous oscillatory network activity (Figure 3F, top right and bottom
right). At ACh levels of 200 uM, slow oscillatory bursts of synchronous
network activity were superseded by irregular asynchronous activity, resem-
bling active waking states (Figure 3F, bottom right). The transition from
synchronous to asynchronous neocortical states occurred at 75 uM. Inter-
estingly, we found that a change in 50 uM of ACh can switch neocortical
dynamics from the synchronous to asynchronous state, divulging two dis-
tinct network activity regimes. The mechanisms giving rise to this sharp
transition of network activity from synchrony to asynchrony are very likely
due to alterations brought about by diverse ACh-induced changes in cellu-
lar excitability, physiology of 1941 synaptic connections and transmission
failure rates, and highly correlated excitatory synaptic conductance changes
across 31000 neurons that are almost completely abolished by uncorrelated
inhibition.

Next, we gauged the effects of perturbing only presynaptic (neurotrans-
mitter release probability) or postsynaptic (somatic depolarization) param-
eters in regulating spontaneous network activity (Figure 5). An extensive
parameter sweep of all modeled presynaptic and postsynaptic mechanisms
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is beyond the scope of this study. We therefore, undertook simple manip-
ulations to explore the impact on network dynamics under two conditions:
(1) only the neurotransmitter release probability was gradually changed as
before (see “ACh Control of Synaptic Physiology,” section; Figure 3C) to
solely simulate the specific presynaptic effects of ACh, but the postsynaptic
mechanism achieved through somatic depolarization was fixed at a value
matching the control condition in the absence of ACh (see Figures 3A,B);
and (2) only the somatic depolarization was gradually varied as above (see
“ACh Modulation of Neuronal Physiology,” section; see Figures 3A,B) to
exclusively mimic the postsynaptic effects of ACh, but the presynaptic ef-
fects attained by changing neurotransmitter release probability was kept

constant, again at a value matching the control condition in the absence of
ACh (see Figure 3C).

In the first set of simulations, we manipulated only the presynaptic pa-
rameter, corresponding to the effects of varying ACh levels exclusively on
the neurotransmitter release probability. Expectedly, network activity was
highly synchronous at high release probability of all synapses analogous to
an absence of ACh in the control case (Figure 5A1). However, continu-
ously altering only the presynaptic parameter through a gradual decrease
of neurotransmitter release probability pushed network activity much faster
towards asynchrony. Surprisingly, asynchronous network activity remained
persistent across changes to presynaptic neurotransmitter release probabil-
ity resembling low to high ACh levels as before (Figures 5A2—-A4). In the
next set of simulations, we altered only the postsynaptic parameter reflect-
ing the impact of changing ACh levels specifically on cellular excitability,
which was achieved by gradually changing the amount of current required
for somatic depolarization as before. In these simulations, the presynaptic
parameter was unchanged throughout, and fixed at a high release probabil-
ity matching the control case. Indeed, it was not surprising that network
activity was again synchronous at high release probability and low depo-
larization levels (Figure 5B1). However, a gradual increase in somatic de-
polarization levels resulted in network activity becoming more synchronous
with an increase in the frequency of oscillatory bursts (Figures 5B2-B4).
Modifying only the presynaptic release probability but keeping postsynaptic
somatic depolarization unchanged seems to suggest that the effects of ACh
on cellular excitability are essential to gradually, but not abruptly transition
network activity from synchrony to asynchrony. An exhaustive analysis of
the functional implications of such a sharp transition in network activity is
not attempted here. However, from a global standpoint, this sudden shift
from synchrony to robust asynchrony could suggest that altered ACh release
might lead to sleep disruption, which might result in a failure of memory
consolidation [Hasselmo, 1999, Power, 2004]. On the other hand, modifying

75



only the postsynaptic depolarization but maintaining a constant presynaptic
release probability causes strong, recurrent network activity with a height-
ened occurrence of oscillatory bursts. This manipulation suggests that the
simultaneous effects of an increase in ACh-induced depolarization, which is
balanced with a mirroring decrease in neurotransmitter release probability,
is crucial to transition network activity from synchrony to asynchrony—for
example, in enabling the changeover from non-rapid eye movement (nREM)
to REM sleep or waking [Steriade, 2004]. Although this warrants further
investigation, our preliminary predictions are consistent with previous work
showing that a breakdown in the presynaptic effects of ACh could lead to
epileptiform-like activity in the neocortex [Schwartzkroin, 1994].
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spontaneous spiking activity in a randomly chosen pair of E-E (L23 PC-L23 PC) neurons
at different ACh levels. Middle: voltage raster for all L23 PCs at different ACh levels.
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Finally, we investigated the effect of ACh concentrations in shaping
spike-time cross-correlations for pairs of neurons—E-E (L23 PC-L23 PC;
Figure 6A), E-I (L4 PC-L4 NBC; Figure 6B), I-E (L5 NBC-L5 TTPC; Fig-
ure 6C), and I-I (L6 MC-L6 MC; Figure 6D). We observed a striking diversity
in the average cross-correlation profiles for different pairs of neurons compris-
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ing these populations, which was computed as the mean spike-time cross-
correlation from 10000 to 20000 randomly sampled pairs. At the outset,
correlations differed in their temporal profiles (Figures 6A-D). Upon closer
examination of these correlation profiles, in particular with the peak lag
(delay to peak) and the median lag (delay of the median) revealed that they
differed significantly between all examined populations (Figures 6A-D). For
example, between pairs of excitatory neurons, the cross-correlations at differ-
ent ACh concentrations were similar to auto-correlations, with a very small
range in peak lag values (Figure 6A) in comparison to the cross-correlations
between excitatory and inhibitory neurons (Figure 6B). Our preliminary
results predict that ACh release from subcortical structures, such as the
NBM, powerfully modulates neocortical activity giving rise to a spectrum
of network activity ranging from one extreme where low ACh levels bring
about synchronous activity, to another, where high ACh concentrations lead
to asynchrony. Our results are broadly consistent with studies employing
optogenetic approaches that associate nREM sleep states with low ACh lev-
els and wakefulness or REM sleep with high ACh concentrations [Lee and
Dan, 2012, Chen et al., 2015]. We have previously demonstrated that extra-
cellular calcium (Ca?t) regulates the emergence of synchronous and asyn-
chronous network activity in the neocortex [Markram et al., 2015]. Based on
these preliminary predictions, we hypothesize that neuromodulators, such
as ACh, provide a complementary functional mechanism in the neocortex,
similar to a “push-pull” switch, where the interplay of low ACh and high
Ca?* pushes network state towards synchronous activity, whereas high ACh
and low Ca?T levels pulls network activity towards asynchrony. We pro-
pose that ACh orchestrates neocortical dynamics by generating a spectrum
of network activity—where a regime of correlated firing in neurons causes
synchronous activity that could modulate functions such as coincidence de-
tection, response selection and binding, and asynchronous activity could
promote encoding of new information boosted by heightened attention to
incoming sensory input.

3.2.5 Discussion

This study presents a first-draft implementation of a data-driven framework,
which unifies the phenomenological effects of the regulation of local cellular
excitability and synaptic physiology by neuromodulators into a data-driven
digital model of neocortical microcircuitry to predict their global impact
on the emergence of spontaneous network activity, without any parameter
tweaking. As a first foray into exploring the utility of this framework, we
integrated biological data on how ACh controls the electrical and synaptic
properties of cell-types in the rodent neocortex and derived preliminary in-
sights into how a range of ACh levels generated a spectrum of network activ-
ity. Numerous computational models have been proposed to predict cholin-
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ergic regulation of network dynamics [Hasselmo, 1993, Hasselmo, 1995, Has-
selmo, 2006, Fellous and Linster, 1998, Tiesinga et al., 2001, Stiefel et al.,
2009, Fink et al., 2011, Fink et al., 2013]. However, most of these mod-
els have been implemented to specifically replicate distinct behavioral roles
of ACh, such as in learning and memory, or by specifically tuning model
parameters to match a particular network-level phenomenon. To the best
of our knowledge, our data-driven framework, is probably the first bottom-
up effort to model cholinergic effects on local cells and synapses and pre-
dict emergent global network dynamics, without any parameter tweaking
to replicate specific forms of network activity. Our framework, which is an
extension of a rigorously validated, detailed biological model of neocortical
microcircuitry could, therefore, serve as a substrate to develop hypotheses
on the cellular and synaptic mechanisms by which ACh controls network
dynamics. Emerging experimental state-of-the-art suggests that ACh ex-
erts a divergent control of neocortical neurons and synapses. The effects of
ACh on the vast majority of neurons and synapses in the neocortex remains
unknown. However, the advent of optogenetics to interrogate the cell-type
specific effects of ACh combined with a data-driven computational frame-
work, such as the one presented here holds promise in filling knowledge gaps
and accelerating our understanding of the complex spatiotemporal actions
of ACh in the neocortex. Although our framework can already provide
preliminary insights into ACh regulation of neocortical states by bridging
cellular, synaptic and network levels, it is still a first-draft and lacks numer-
ous biological details on the anatomy and physiology of ACh innervation of
neocortical layers and neurons. Indeed, in this first-draft implementation,
we assumed that the dose-dependent activation profile of ACh is homoge-
neous on excitatory and inhibitory cell-types and their synaptic connections,
which is a gross generalization. For example, recent work reports that ACh
inhibits L4 spiny neurons through muscarnic receptors, as against persistent
excitation of L23 and L5 PCs [Eggermann and Feldmeyer, 2009, Dasgupta
et al., 2018] and could have contrasting effects on sub-types of PCs located
in the same neocortical layer and region [Joshi et al., 2016, Baker et al.,
2018]. As the next step to refine the biological accuracy and specificity of
our framework, we plan to systematically incorporate physiological data on
cholinergic varicosities, receptor localization and kinetics of ACh receptors,
and specific ACh-induced effects on neuronal and synaptic function of an
assortment of neocortical cell-types. A methodical integration of biologi-
cal data on neuromodulatory control of neocortical cells and synapses into
the unifying framework will enable the identification of the unknowns, rec-
onciliation of disparate datasets, and prediction of their general organizing
principles. Additionally, our framework not only allows further investiga-
tion on the role of ACh in regulating neocortical dynamics but can also be
applicable to hypothesize and predict the function of other major neuromod-
ulators—mnoradrenaline, dopamine, serotonin and histamine—that influence
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the emergence of network activity. In conclusion, we propose the frame-
work as a complementary resource to existing experimental and theoretical
approaches to advance our understanding of how neuromodulatory systems
differentially regulate the activity of a diversity of neurons and synapses and
sculpt neocortical network activity.

3.3 Extending the framework to other neuromod-
ulators

3.3.1 Dopamine

Dopamine is likely the most well-known neuromodulator because of its pow-
erful actions on behavior [Tritsch and Sabatini, 2012]. DA release has been
extensively studied in subcortical areas such as the VTA, the striatum and
the midbrain where it is associated to movement initiation and execution,
but also to the regulation of cognitive processes such as motivation and learn-
ing, reward prediction error and many others [Schultz, 2007]. Dopaminergic
functions can be inferred from behavioral deficits: experimentally-induced
lesions to the striatum and the consequential loss of dopaminergic neurons
result in severe dysfunctions similar to those associated to Parkinson’s dis-
ease (PD). Moreover, DA is involved in various psychiatric conditions such
as schizophrenia, depression, ADHD and OCD [Grace, 2016, Koo et al.,
2010], and dopaminergic agonists are psychotomimetic drugs. Dopaminer-
gic projections in rodents brains can be subdivided in two main pathways:
the mesostriatal pathway that mostly projects to the striatum, and the
mesocorticolimbic pathway that targets preferentially motor regions in the
frontal lobe, the anterior cingulate cortex and rhinal cortices [Descarries
et al., 1987]. Compared to motor regions, sensory cortices receive a much
sparser dopaminergic innervation, and not many studies have explored the
role of DA in sensory processing [Jacob and Nienborg, 2018].

DA transmission is accomplished by its binding to five different receptor
subtypes, D1R to DsR receptors, and can occur both via synaptic release
from DA varicosities and volumetric transmission through the formation of a
network of extra synaptic receptor complexes [Borroto-Escuela et al., 2018].
Many studies have investigated the distribution of DA receptors (DRs) and
their putative juxtaposition with DA terminals and concluded that short-
distance volumetric transmission is the major mode of dopaminergic re-
lease, given the frequent lack of co-localization between DRs immunoreac-
tive structures and DA varicosities. However, there exist also evidence to the
contrary: some authors have observed that up to 25% of DA varicosities are
in close contact with the D4 dopaminergic receptors, which are mainly local-
ized in L2 and L3 of sensory cortices, suggesting that synaptic transmission
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of DA also exists [Rivera et al., 2008]. Points of contact between tyrosine
hydroxylase (TH) immunoreactive terminals and post-synaptic structures
have potentially been overlooked, similarly to ACh synapses [Takécs et al.,
2013, Uchigashima et al., 2016]. Neuromodulatory synapses are difficult to
find with traditional methods, but the presence of neuroligin-2 (a type of
synaptic adhesion protein) might be a novel indicator of the presence of
heterologous dopaminergic synapses. Even though dopaminergic receptors
are not clustered on the post-synaptic sites in this case, such heterologous
contacts might be an expedient to increase the specificity of dopaminer-
gic modulation by securing dopamine release sites to dopamine-sensing tar-
gets. Moreover, short-latency dopaminergic transmission has been observed
[Beckstead et al., 2004, Mylius et al., 2015] both in the cortex and subcor-
tical structures. Therefore, dopaminergic release likely reflects a mixture of
spatiotemporal dynamics.

The effects of DA on neocortical cells have been investigated mainly in
the prefrontal regions [Cousineau et al., 2020, Gao and Goldman-Rakic,
2003, Gorelova et al., 2002, Zhong et al., 2020] and so have been the net-
work effects of DA release. Behaviorally, selective stimulation of DA neurons
in the VTA induces a transition from anesthetized to awake state and sug-
gests a role for DA modulation in behavioral arousal; moreover, inhibition
of DA inputs suppresses wakefulness, even in the presence of relevant salient
stimuli [Eban-Rothschild et al., 2016, Monti and Monti, 2007, Taylor et al.,
2016]. However, DA is known to impact the activity of associative and sen-
sory cortices, even though the mechanisms haven’t been elucidated yet. In
particular, bath-application of 10 uM dopamine in medial enthorinal cortex
(mEC) slices suppresses UP states via the activation of D1Rs. This suggests
that DA has inhibitory effects on cortical slow oscillations [Mayne et al.,
2013]. Moreover, pairing VTA stimulation with auditory stimuli of a partic-
ular tone increases the selectivity of neural responses to those frequencies in
auditory cortex, and enhances long-range coherence of neural discharge be-
tween primary and secondary auditory areas. Thus, there emerges a need to
fill the gaps in the current knowledge and assess the effects of dopaminergic
release on network activity of sensory areas.

3.3.2 Serotonin

5-hydroxy-triptophan (5-HT) is a naturally occurring monoamine with com-
plex and multi-faceted biological functions [Iriti, 2013]; it is commonly
known as the ‘happiness molecule” because of its notorious mood-regulating
effects [Celada et al., 2013]. Most of the endogenously produced serotonin
is located in the gastro-intestinal tract (GI tract), but it is also synthesized
in the brain stem at the level of the dorsal and median raphe nuclei (DR
and MR) [Berger et al., 2009]. Other than regulating GI motility, 5-HT is
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known to be involved in a plethora of functions in the CNS resulting from
its widespread innervation of the cortical mantle, such as the regulation of
mood, appetite, sleep, sexuality, cognition, learning and social behaviors.
5-HT is also at the heart of several neurochemical theories of the patho-
physiology of psychiatric disorders (namely depression, OCD, autism, and
others). The role of 5-HT in brain function and disorder has been investi-
gated extensively, but despite decades of research, its nature remains elusive
[Marazziti, 2017].

Projections from brain-stem serotonin-producing clusters are topograph-
ically organized, suggesting that 5-HT release in the cortex is not merely
broadcasted in a diffuse manner, and that it involves at least some degree
of specificity [Jacob and Nienborg, 2018]. Serotoninergic projections to pri-
mary sensory cortices include visual, auditory, somatosensory and olfactory
areas and share the typical structure of neuromodulatory varicose-displaying
axons. Given that only a small proportions of the axonal varicosities estab-
lished specialized synaptic contacts, 5-HT is traditionally thought to be
released in a volumetric manner [Descarries et al., 2010], but the matter is
still being debated. For instance, in subcortical nuclei such as the SN pars
reticulata (SNpr) almost all serotoninergic release sites establish synaptic
contacts, while in the pars compacta (SNpc) and in the DR volumetric and
synaptic transmission co-exist [De-Miguel and Trueta, 2005]. However, a
substantial body of evidence of 5-HT being released synaptically in the neo-
cortex is hard to find, even though some studies have documented rapid
5-HT actions in sensory areas [Lottem et al., 2016, Roerig et al., 1997].

Serotonin acts on a wide array of receptors, classified from 5-HT to 5-HT7
types comprising a total of 14 subtypes [Nichols and Nichols, 2008]. Intrigu-
ingly, most subtypes are metabotropic receptors that are located extrasy-
naptically, and only the 5-HT3 subtype mediates rapid excitatory synaptic
transmission [Sharp and Barnes, 2020]. Moreover, 5-HT can be co-released
with glutamate, thus ulteriorly complicating the issue of serotonin release.
The effects of 5-HT release on neocortical cell types have mostly been stud-
ied in executive, fronto-striatal circuits [Puig et al., 2015], but some results
have also been obtained in sensory and associative cortices [Athilingam et al.,
2017, de Filippo et al., 2021, Foehring et al., 2002, Lee et al., 2010]. The
repercussions of the 5-HT modulation of neocortical neurons include in-
hibitory effects on spontaneous firing activity and the suppression of slow
oscillations; intriguingly, 5-HT modulation spares sensory-driven responses
[Lottem et al., 2016]. Taken together, the evidence suggests that serotonin-
ergic release affects the spontaneous activity of sensory areas by modulating
membrane properties of neocortical cell types, but does not impact sensory-
evoked network activity. Thus, considering that the evidence in favor of
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synaptic 5-HT release is weak, it is reasonable to hypothesize that serotonin
cannot affect sensory responses because it acts on a slow time scale. This
implies that its predominant transmission modality might be volumetric,
but additional research is required to clarify the relative contributions of
wired vs volumetric 5-HT release.
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Chapter 4

Modelling the
neuromodulation of neural
microcircuits: a multi-scale
framework to investigate the
effects of cholinergic release

Figure 4.1: Visualization of neuromodulatory release in the neocortex
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4.1 Influence of neuromodulatory systems in the
hindlimb rep- resentation in the developing so-
matosensory cortex of the rat

Cristina Colangelo, Alberto Mufioz, Alberto Antonietti, Alejandro
Antén-Fernandez, Armando Romani, Joni Herttuainen, Henry Markram,
Javier DeFelipe and Srikanth Ramaswamy

(to be submitted in 2022)

4.1.1 Abstract

The vast majority of cortical synapses are found in the neuropil which
is implicated in multiple and diverse functions underlying brain computa-
tion. Unraveling the organizing principles of the cortical neuropil requires
an intricate characterization of synaptic connections established by exci-
tatory and inhibitory axon terminals, of intrinsic and extrinsic origin and
from ascending projections that govern the function of cortical microcircuits
through the release of neuromodulators either through point-to-point chem-
ical synapses or diffuse volume transmission. The hindlimb representation
of the somatosensory cortex (HLS1) of two-week old Wistar rats has served
as a model system to dissect the microcircuitry of neurons and their synap-
tic connections. In the present study, we quantified the fiber length per
cortical volume and the density of varicosities for catecholaminergic, sero-
tonergic and cholinergic neuromodulatory systems in the cortical neuropil
using immunocytochemical staining and stereological techniques. Acquired
data were integrated into a computational modeling framework to reconcile
the specific modalities and predict the effects of neuromodulatory release
in shaping neocortical network activity. We predict that ACh and DA and
5-HT desynchronize cortical activity by inhibiting slow oscillations (delta
range), and that 5-HT triggers faster oscillations (theta). Moreover, we
found that high levels (>40%) of neuromodulatory volumetric transmission
(VT) are sufficient to induce network desynchronization, but also that com-
bining volume release with synaptic inputs leads to more robust and stable
effects, and lower levels of VT are needed to achieve the same outcome

(10%).

Keywords: Acetylcholine (ACh), Dopamine (DA), Serotonin (5-HT),
Choline Acetyl Transferase (ChAT), Tyrosine Hydroxylase (TH), ascending
modulatory systems, point-to-point chemical synapses, synaptic transmis-
sion, volume transmission, cortical models, simulations
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4.1.2 Introduction

Knowledge of the principal organization of the neocortex requires the charac-
terization of the finest details of the complexity of the cortical neuropil. This
includes the characterization of the density and distribution of the synaptic
junctions most of which (90-98%), in the cerebral cortex, are established in
the neuropil [DeFelipe, 1999]. Ascending cholinergic, catecholaminergic and
serotonergic regulatory systems made by intricate networks of varicose fibers,
participate in the control of cortical microcircuits both through synaptic
contacts (“classical” point-to-point chemical synapses), and non-synaptic
diffuse or volume transmission processes and affect cortical states, functions
and development [Mechawar et al., 2002]. The hindlimb representation of
the somatosensory cortex (HLS1) of the two-week old Wistar rats represent
an excellent model to characterize the organizational principles of neocor-
tical microcircuits due to its accessibility and the availability of detailed
anatomical, molecular and physiological experimental data on its cellular
and synaptic organization. In the last years it has received much attention
within the framework of the Blue Brain Project (http://bluebrain.epfl.ch/
and https://cajalbbp.es/) [Markram et al., 2015]. Modeling the influence
that ascending modulatory systems exert on cortical microcircuitry requires
a detailed assessment of the density and distribution of cholinergic, cate-
cholaminergic and serotonergic fibers and varicosities. In the present, study
we have estimated their densities and laminar distribution patterns us-
ing immunostaining and stereological techniques. Furthermore, to extend
our characterization of the neuromodulatory innervation of the developing
rodent neocortex, we use computational methods to digitally reconstruct
dopaminergic, serotoninergic and cholinergic virtual fibers in a detailed, bi-
ologically accurate model of the cortical column [Markram et al., 2015]. Our
algorithmic approach to reconstruct neuromodulatory innervation leverages
experimental datasets to predict missing biological information such as the
relative proportions of targeted neurons or the number of contacts estab-
lished by each neuromodulatory fiber. We subsequently simulate the activa-
tion of ACh, DA and 5-HT projections to model the synaptic and volumetric
release of neuromodulators in the neocortical sensory microcircuit, and pre-
dict a desynchronizing effect on the network. We found that volumetric and
synaptic release of neuromodulators have synergistic effects and lead to more
robust desynchronizing effects when combined, rather than on their own.
Moreover, we predict that ACh, DA inhibit slow oscillations, whereas 5-HT
additionally brings about faster oscillatory activity. Overall, we propose
a framework to integrate what is known about synaptic and non-synaptic
transmission to attempt to reconcile conflicting reports in the literature and
direct experimental research to answering long-standing questions about the
nature of neuromodulatory release.
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Figure 4.2: Modelling workflow. ST, synaptic transmission; VT, volumetric trans-
mission; NMC neural microcircuit; PSP post synaptic potential; PSTH, peri-stimulus time
histogram; PSD, power spectral density
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4.1.3 Materials and methods
Animals

Wistar rats (n=11, aged 14 days) were sacrificed by administering a lethal
intraperitoneal injection of sodium pentobarbital (40 mg/kg), and they were
then perfused intracardially with saline solution followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB), pH 7.4. All experiments were approved
by the local ethics committee of the Spanish National Research Council
(CSIC) and performed in accordance with the guidelines established by the
European Union regarding the use and care of laboratory animals (Direc-
tive 2010/63/EU). Brains were removed and post-fixed by immersion in the
same fixative for 7h at 4°C. For the quantification of the serotonergic, cate-
cholaminergic and cholinergic fibers, after post-fixation, six brains (Rabb6-
Rabbl11) were cryoprotected in 30% sucrose solution in PB until they sank,
frozen in dry ice and cut in the coronal plane with a sliding freezing micro-
tome. In all cases, 50 pum-thick sections extending in the antero-posterior
axis from the anterior commissure to the rostral limit of the hippocampal
formation and including the hindlimb representation area of the primary
somatosensory cortex [Paxinos and Watson, 2007] were processed for im-
munocytochemistry.

Immunocytochemistry

The sections were rinsed in PB and to block non-specific antibody binding
they were preincubated for 1 h at room temperature in a stock solution con-
taining 3% normal serum of the species in which the secondary antibodies
was raised (Vector Laboratories, Burlingame, CA) in PB with Triton X-100
(0.25%). After preincubation, sections were incubated for 48 h at 4 °C in
the same stock solution containing rabbit anti-serotonin (1:1000, Diasorin,
Italy), mouse-anti-Tyrosine hydroxylase (TH, 1:1000, Diasorin) or goat-anti
choline acetyl transferase (Chat, 1: 1000, Santa Cruz CA, USA). Sections
were then rinsed in PB and incubated in anti-rabbit, anti-mouse, or anti-goat
biotinylated secondary antibodies (1:200; Vector Laboratories, Burlingame,
CA). After rinsing in PB, a first set of sections were processed for immunoflu-
orescence being incubated for 2 h at room temperature in Alexa 488-coupled
Streptavidin (1:200; Molecular Probes, Eugene, OR, USA). Sections were
rinsed and stained with DAPI to reveal borders between layers and cytoar-
chitectonic areas. The sections were then washed in PB, mounted in an-
tifade mounting medium (Invitrogen/Molecular Probes, Eugene, OR) and
studied by conventional fluorescence and confocal microscopy (Zeiss, 710).
For confocal microscopy, stripes through the layers of the hindlimb primary
somatosensory cortex were scanned from every animal. 7 sections were
recorded at 0,45 pum intervals through separate channels using a 40x oil-
immersion lens (NA=1,3). Subsequently, ZEN software (Zeiss) was used to
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construct composite images from each optical series by combining the images
recorded through the different channels. Adobe Photoshop CS4 software was
used to generate the figures (Adobe Systems Inc., San Jose, CA). For DAB
immunostaining, a second set of sections were processed using the Vectastain
ABC immunoperoxidase kit (Vector). Antibody labeling was visualized with
0.05% 3,39-diaminobenzidine tetrahydrochloride (Sigma, St Louis, MO) and
0.01% hydrogen peroxide. The sections were rinsed in PB and mounted on
siliconized glass slides. After attachment, sections were lightly Nissl-stained
with thionin, dehydrated, cleared with xylene, and cover slipped. Controls
were included in all the immunocytochemical procedures, either by replac-
ing the primary antibodies with preimmune goat serum in some sections, by
omitting the secondary antibodies, or by replacing the secondary antibody
with an inappropriate secondary antibody. No significant immunolabeling
was detected under these control conditions.

Estimation of fiber length

The fiber length and density of varicosities of the catecholaminergic, sero-
tonergic and cholinergic systems, DAB-immunostained through the depth of
the tissue, were stereologically estimated in every cortical layer using respec-
tively the space ball probe (dissector height of 11-18 pum) and the optical
fractionator tool (dissector height of 11 pm in all cases) of Stereo Investiga-
tor software (Stereolnvestigator 7.0, MicroBright Field Inc. Vermont, USA)
following previous studies [Mouton et al., 2002]. An oil immersion x100
objective (NA 1,35) on a BX51 Olympus microscope equipped with a Prior
motorized stage and a JVC video camera was used. The light Nissl staining
of every immunostained section helped to distinguish areal and layer limits
and to trace the contour lines corresponding to the individual cortical lay-
ers within the hindlimb cortex with the aid of an x20 objective. For each
cortical layer, type of immunostaining and animal, the number of sampling
sites performed and the number sections used was determined by the con-
strain of maintaining the coefficient of error below 0.09 [Gundersen, 1988].
The fiber length and density of varicosities were corrected for shrinkage as
brain tissue shrinks during processing. To estimate the shrinkage in our
samples we measured the surface area and thickness of the sections using
Adobe Photoshop and Stereo Investigator software respectively before and
after tissue processing either for immunoperoxidase or immunofluorescence.
The surface area after processing was divided by the value before processing
to obtain an area shrinkage factor (p2) of 0.89. In addition, the obtained
linear shrinkage factor in the z-axis (pZ) was 0.28. Therefore, the volume
shrinkage factor (p3=p2.pZ) was 0.25.
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Statistical analysis

To estimate possible differences in the length, density values obtained in the
different cortical layers, a non-parametric test was performed and correction
for multiple comparisons was applied. First, we used Friedman’s test and
we found that length and varicosity densities differed across layers; post-
hoc analysis (Conover’s test) was later performed to compare all layers for
the three neuromodulatory systems. Bonferroni’s correction was applied to
account for multiple comparisons. To assess the statistical significance of
the PSD analysis results, we used a paired T-student test.

Neural microcircuit model

The previously existing model on which we base the entire simulation pipeline
has been continuously refined through the years. In this study we use an
updated version of the neocortical microcircuit replica and it is our duty to
report the changes that have taken place since the last published version.
We refer to this new updated version as V7 and to the previously pub-
lished one as V6 [Markram et al., 2015]. The majority of the reconstructed
morphologies that are used for the V7 are the same as the ones used in
V6. Additional morphologies include data from in-vivo reconstructions and
in-vitro reconstructions. Furthermore, pyramidal cells morphologies were
objectively classified with methods from algebraic topology based in topo-
logical descriptors of the dendritic morphologies for pyramidal cells [Kanari
et al., 2018], that led to the identification of 17 types of PCs in the rat
somatosensory cortex [Kanari et al., 2019]. The electrical models and the
data they’re based on have not changed and thus remain the same as in
V6. The whole synaptic workflow, that is starting from sparse literature
data and ending with the characterization of all viable synaptic pathways
was modified as per [Ecker et al., 2020]. The v6 model included both a
hexagonal microcircuit as well as an atlas-based circuit: the latest release
further developed the atlas-aware circuit building pipeline in order to build
the circuits in a curved-space volume.

Synaptic model of neuromodulatory release

To build a model of neuromodulatory release we used an in-house tool de-
scribed in [Markram et al., 2015] that was developed to model projections
to the neocortical microcircuit in a way that satisfies experimental con-
straints. Data about the density of synaptic boutons, or, more specifically
in our case, neuromodulatory varicosities is used to constrain the generation
of new synaptic release sites in the model, that is, we instantiate a layer-
wise varicosity density profile in the model, that matches the experimentally
measured density. The neuromodulatory projections approach happens in 3
major steps: sample, assign to fiber and parameter selection.
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e Sample: all morphological segments contained in every layer are pooled;
from this distribution, random segments are repeatedly sampled and
new synaptic release sites (sRS) are placed at their centers in order
to match the experimental constraints. Drawing is performed with
replacement (i.e., a segment could be drawn more than once). The
probability of drawing a given segment is proportional to its length
(where longer segments would be drawn more often).

o Assign to fiber: a set of ‘fibers’ is given as input to the whole process.
These are set of vectors with starting positions and directions. The tool
creates straight synthetic fibers: in the v7 circuit used for this study
these begin in L6 and point straight up through all the layers. The
parameter ‘number of fibers’ can be estimated or directly constrained
from experimental data. The distances between the newly instantiated
sRS and the fibers are used to compute a Gaussian that determines
the probability of being picked, and using this probability, a fiber is
associated to each segment, or ‘mapped’. Given that we do not directly
model the subcortical nuclei from which the projections originate, the
fibers are activated via an artificially injected spike train of the desired
frequency and duration.

e Parameter selection: in this step, we select the parameters that are
better suited to mimic neuromodulatory connections. Our model of
synaptic connections follows a conductance-based approach and com-
prises several parameters. We redirect the reader to [Markram et al.,
2015], for an exhaustive description. In the following paragraph we
will focus on describing how we constrained the connection parame-
ters from literature reported data.

We reasoned that since the reported number of cholinergic neurons in the
rat nucleus basalis of Meynert (NBM) is 7312 [Miettinen et al., 2002] and
the NBM projects mainly to S1 [Chaves-Coira et al., 2018, Chaves-Coira
et al., 2016] then there would be 7132/26 = 283 fibers projecting to our
reconstructed microcircuit, because the entire S1 area is 26 times bigger.
Similarly, we assigned 2651 / 26 = 102 fibers to the dopaminergic system,
based on cell-counts obtained in the rat ventral tegmental area (VTA) [Nair-
Roberts et al., 2008] and estimations of the number of VTA neurons that
project to S1 [Aransay et al., 2015]. Lastly, we computed the number of
serotoninergic fibers; 11500 serotoninergic cell bodies have been counted in
the dorsal raphe (DR) according to Descarries and others, and only 12%
project to the S1 region [Descarries et al., 1982, Wilson and Molliver, 1991].
That is 1380/26 = 53 5-HT fibers for the O1 circuit. The values obtained
seem to fall within reasonable ranges, considering the estimated density of
each neuromodulatory system, but nevertheless they rest on assumptions
that have not been proven. We refer the reader to the Discussion section
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ChAT Pyramidal Interneurons | Reference
cells
EPSP - (and |y ovo et al., 2012] (p20-40
L1 spiking activ- . .
ity) mice SSC) optogenetics
[Hay et al., 2016] (p25 mice);
L1 EPSC [Bennett et al., 2012] (adult
mice) ; optogenetics
[Arroyo et al., 2012] (p20-40
L2/3 IPSC barrage | EPSP (BPCs) mice SSC) optogenetics
SOM increase
12/3 FF: PV re- [Cltlen et ?l., 2015] (mouse v1)
duced FF optogenetics
[Meir et al., 2018] (adult mice
L PSP SSC) optogenetics
L5 EPSP or IPSP [Hedrick and Water§, 2015]
(mouse V1)optogenetics
L5 EPSP or IPSP [Joshi et al., 2916] (p24 mouse
A1) optogenetics
[Hay et al., 2016] (p25 mice) ;
L6 EPSC [Verhoog et al., 2016] (mouse
PFC) optogenetics

Table 4.1: Summarized literature reported cell-type specific effects of cholin-
ergic release. Inclusion criteria privilege studies performed a) by means of optogenetic
stimulation of subcortical nuclei as a method to evoke neuromodulator release; b) in the
somatosensory areas of the rodent neocortex ¢) in developing brains. When this is not
applicable (i.e., data is missing) data was taken from studies using electrical stimulation
of subcortical nuclei or bath-application of neuromodulators as methods to evoke neuro-
modulator release.

where we list the most important assumptions. Parameters for the synaptic
dynamics of the new neuromodulatory connections were drawn from experi-
mental distributions representative of the synaptic types (s-types) discussed
in [Markram et al., 2015] (Tables 4.4, 4.5 and 4.6), except for the offset de-
cay time constants (DTC). The DTCs of NM connections were constrained
with the aid of literature reported values: we refer the reader to Tables 4.4,

4.5 and 4.6.
Volumetric model of neuromodulatory release

Our model of volumetric neuromodulatory transmission relies upon the im-
plementation of the synaptic model explained above. To model VT, we first
take the experimentally recorded varicosity density profile and we instanti-
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TH Pyramidal cells | Interneurons Reference
[Zhou and Hablitz, 1999] adult
L1 depolarization rat PFC (Bath application of DA
(30-100 pMM))
[Zhong et al., 2020] (3w rats PFC in
12/3 hyperpolarization | increase excitabil- | low Ca); [Zhou and Hablitz, 1999]
or depolarization | ity of PV-FS adult rat PFC (Bath application of
DA (30-100 pM))
L2/3 i?;f?sﬁse’;ﬂaﬁﬁ [Gorelova et al., 2002] (40 M DA,
L rat PFC)
polarization
hyperpolarization increase excitabil- | [Gorelova et al., 2002] (40 uM DA,
L4 or depolarization ity of FS and de- | rat PFC); [Zhou and Hablitz, 1999]
polarization (adult rat PFC)
increase excitabil- [Radnikow and Feldmeyer, 2018]
L5 ity via DI1r (or | increase excitabil- | (rodents PFC); [Zhong et al., 2020]
sometimes  de- | ity of PV-FS (3w rats PFC); [Gao and Goldman-
crease via D2r) Rakic, 2003] (ferret PFC)
increase excitabil- | [Gorelova et al., 2002] (40 uM DA,
L5 ity of FS and de- | rat PFC); [Zhou and Hablitz, 1999]
polarization; (adult rat PFC)
ierease excitabil- [Radnikow and Feldmeyer, 2018]
L6 ity (rodents PFC); [Zhou and Hablitz,
1999] (adult rat PFC)
Table 4.2: Summarized literature reported cell-type specific effects of

dopaminergic release. Inclusion criteria privilege studies performed a) by means of
optogenetic stimulation of subcortical nuclei as a method to evoke neuromodulator re-
lease; b) in the somatosensory areas of the rodent neocortex c¢) in developing brains.
When this is not applicable (i.e., data is missing) data was taken from studies using elec-
trical stimulation of subcortical nuclei or bath-application of neuromodulators as methods
to evoke neuromodulator release.
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application

5-HT Pyramidal cells | Interneurons Reference
L1 ;Ie{f%l:xci;;ii; [Foehring et al., 2002] (imma-
ture rat SSC)
responses
slow-spiking  in-
11 terneurons  are | [Lee et al., 2010] (juvenile
excited by 5- | SSC)
HT3AR
SOM neurons | [De Filippo et al., 2020]
L2/3 are excited via | (C57BL6 mice (6 to 10
5-HT2aR weeks), olfactory cortex)
1.2/3 PV neurons are | [Puig et al., 2010, Athilingam
excited by 5-HT | et al., 2017]
predominance of
1.2/3 5-HT1aAR  medi- | [Puig and Gulledge, 2011]
ated inhibitions | (DR electrical stimulation)
in F'S neurons
12/3 2;?§2A1:xci tzlt(ii; [Foehring et al., 2002] (imma-
ture rat SSC)
responses
5-HT1oR  medi-
ated inhibitory [Puig, 2004] (rat mPFC,
L5 responses in 2/3
of pyramidal young adult)
neurons
R Avesar and Gulledge, 2012
L5 inhibited by 5-HT E?’-Weeks to 8—m0nths—ol(1

C57BL6 mice PFC)

Table 4.3: Summarized literature reported cell-type specific effects of sero-
toninergic release. Inclusion criteria privilege studies performed a) by means of opto-
genetic stimulation of subcortical nuclei as a method to evoke neuromodulator release; b)
in the somatosensory areas of the rodent neocortex c¢) in developing brains. When this is
not applicable (i.e., data is missing) data was taken from studies using electrical stimu-
lation of subcortical nuclei or bath-application of neuromodulators as methods to evoke
neuromodulator release.
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L5PCs, L23PCs, L23 prox tar-
ACh L6PCs L4PCs L1 IINs geting IINs
Synaptic 241.2 + 15.5 | 241.2 + 15.5 | 241.2 + 15.5 941.2 + 15.5 ms
DTC ms ms ms
Volumetric | 342.2 4+ 147.2 | 342.2 4+ 147.2 | 608.6 + 109.7 608.6 - 109.7 ms
DTC ms ms ms
G 0.31 £0.11 nS | 0.66 £ 0.15nS | 0.3 & 0.11 nS 1.4 £+ 1.6 nS
U 0.5 + 0.011 0.3 4+ 0.043 0.86 £ 0.048 0.23 £+ 0.093
D 670 £ 9.3 ms 1300 £ 280 ms | 670 &= 9.1 ms 600 £ 350 ms
F 17 + 2.8 ms 2.2 + 1.9 ms 17 + 2.7 ms 33 + 20 ms
s-type E2 12 E2 13

Table 4.4: ACh connections parameters. DTC: decay time constant of the PSC;
G: synaptic conductance; U: time constant of synaptic depression; F: time constant of

synaptic facilitation: s-type: synaptic type according to [Markram et al., 2015]

L5PCs, L23PCs, PV-FS all lay-
ACh L6PCs L4PCs L1 IINs ers
Synaptic | 2412 & 155 | 2412 & 155 | 2412 & 155 | o\ 0 o oo
DTC ms ms ms
g?rhémet“c 400 £100 ms | 400 £100 ms | 400 £100 ms | 400 £100 ms
G 031+ 0.11nS | 0.66 £ 0.1510S | 0.3 £ 0.11 nS | 0.31 £ 0.11 nS
U 0.5 + 0.011 0.3 £ 0.043 0.86 + 0.048 | 0.22 + 0.093
D 670 £ 9.3 ms 1300 &= 280 ms | 670 £ 9.1 ms 390 + 240 ms
F 17+ 28ms |22+ 19ms |17+ 27ms | 300 + 240 ms
s-type E2 12 E2 E1l

Table 4.5: DA connections parameters.

DTC: decay time constant of the PSC;

G: synaptic conductance; U: time constant of synaptic depression; F: time constant of

synaptic facilitation: s-type: synaptic type according to [Markram et al., 2015]
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L23  proxi- .

ACh igigs’ L1 IINs mal target- th?;nd‘i;aNl tar-

S ing IINs goting NS
Synaptic 241.2 4+ 15.5|241.2 + 155 | 241.2 + 155 941.2 + 15.5 ms
DTC ms ms ms
Volumetric | 342.2 4+ 147.2 | 342.2 + 147.2 | 608.6 £+ 109.7 608.6 + 109.7 ms
DTC ms ms ms
G 0.66 £ 0.15nS | 0.3 & 0.11 nS 1.4+ 1.6 nS 0.3 + 0.11 nS
U 0.3 + 0.043 ms 0.86 & 0.04810.23 & 0.093 0.09 + 0.062ms

ms ms

D 1200 + 280 ms | 670 £ 9.1 ms 600 + 350 ms | 140 4 110 ms
F 2.2+ 1.9 ms 17 +£ 2.7 ms 33 + 20 ms 670 + 430 ms
s-type 12 E2 241.2 £ 13 El

Table 4.6: 5-HT connections parameters. DTC: decay time constant of the PSC;
G: synaptic conductance; U: time constant of synaptic depression; F: time constant of
synaptic facilitation: s-type: synaptic type according to [Markram et al., 2015]

ate new release sites (RS) in order to match this density. Then, every RS is
taken as the center of a sphere of radius Rmax, which is the sphere of influ-
ence of volume transmission (thus the RS becomes a volumetric RS, or vRS).
We chose Ryax = 5 um for ACh (Figure 4) as was computed by Borden and
colleagues, because it was recorded in rodent neocortical brain areas, as op-
posed to other values obtained in the mEC or the retina, which nevertheless
are in a similar range [Borden et al., 2020, Jing et al., 2018, Sethuramanujam
et al., 2021]. Dopaminergic transients have also been measured by means
of a synthetic cathecolamine nanosensor which revealed DA hotspots with a
median size of 2 ym [Beyene et al., 2019] so we instatiated Ryax = 2 um for
DA connections, even though this data was recorded in the striatal region.
Serotonin’s volumetric influence was estimated by [Bunin and Wightman,
1998] who recorded serotoninergic extrasynaptic transmission via carbon
fiber microelectrodes in the rat DR; thus, we selected Rpax = 3 um for 5-
HT signals. Subsequently all morphological segments within the sphere are
sampled and a new conductance is instantiated in a random position along
each segment. In this case the vRS is the source of the NM signal, and the
segment where the new conductance is placed is the target. Still, these two
do not coincide like in the synaptic implementation of NM release. Thus,
we developed a way to mimic the one-source-to-many-targets characteristic
of VT. The new volumetric connections are parametrized similarly to the
synaptic ones (see above). The conductance values in this case are scaled
according to the distance from the vRS. Specifically, we determine a scaling
factor whose value ranges from 1 to 0.1 and is inversely proportional to the
distance from the vRS. We refer the reader again to Tables 4.4, 4.5 and 4.6
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for a more specific description of the DTC values used to parametrize the
kinetics of VT.

Microcircuit

Our in-silico neuromodulation model was implemented in a digital microcir-
cuit consisting of a connected network of 31 346 neurons, 8 million connec-
tions, and 37 million synapses. The network was arranged in a columnar
volume 462 x 400 pm wide and 2082 pum deep. In this configuration, depth
axes were mutually parallel, and columnar surfaces were coplanar. The cell
morphologies populating the circuit were obtained from 3D reconstructions
of biocytin-stained neurons from juvenile rat hindlimb somatosensory cortex,
while the placement, connectivity, and electrophysiological properties of each
cell was determined algorithmically and constrained by sparse data derived
from experiments and literature. See [Markram et al., 2015] for additional
details concerning microcircuit construction and composition. Models and
circuit data are freely available for download at: https://bbp.epfl.ch/nmc-
portal /downloads

Network simulations

Simulations were conducted using proprietary software based on the NEU-
RON simulation environment. Data were output in the form of binary files
containing spike times sampled every 0.1 ms for each neuron in the net-
work. Extracellular calcium and potassium concentrations were modeled by
considering their phenomenological effects on neurotransmitter release prob-
ability and somatic depolarization, respectively. These values were adjusted
to most closely mimic an in vivo-like network state, corresponding (empir-
ically) to extracellular calcium and potassium concentrations of 1.7 mM,
and 5.0 mM (~ 95% somatic firing threshold), respectively. Simulations of
ascending neuromodulatory inputs were performed near the transition from
the synchronous to the asynchronous state, in order to set the initial state of
the network to a substantially synchronized activity pattern. In the control
case our microcircuit is oscillating at ~ 2 Hz, a condition that we use to
approximate an inactivated brain state. Every simulation was repeated 30
times with different seeds (tied to random number generators that we use in
our simulation pipelines) to reproduce trial variability, and a power density
analysis was performed to evaluate the frequency contents of the oscillatory
activity of our simulated network of neurons. The stimulus to the neuro-
modulatory projections was delivered as single-pulse or train stimulation of
frequencies ranging from 5 to 30 Hz. In order to recruit different proportions
of ascending inputs we selected varying percentages (from 10 to 100%) of
the ‘virtual’ afferent fibers. The stimulus was delivered at t=2000 ms; the
single pulse stimulus had a frequency of 150 Hz and a duration of 10 ms and
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Figure 4.3: Implementation of volumetric vs synaptic release A)Schematics illus-
trating the differential implementation of volumetric vs synaptic transmission. sRS, synap-
tic release site, VRS , volumetric release site. B)Schematics illustrating the data gathered
in Tables 4.1, 4.2, 4.3 on the effects of neuromodulator release on a given target that was
used to parametrize the neuromodulatory synaptic inputs to neocortical cells. The schema
represents the main cell types in the neocortex. Abbreviations: PYR, pyramidal cell; INT,
interneuron; SOM, somatostatin-positive cells; PV, pv-positive cells. C)Implementation
of the synaptic model. Left: equations describing the Tsodys-Markram model of synaptic
short-term dynamics (above) and list of model parameters (below). Right: example of
an in silico paired-recording experiment (excitatory, depressing connection) (above), and
schematics illustrating the parameters that are modulated in order to mimic neuromodu-
latory effects. Gmax maximal conductance; Tau Decay PSC, decay time constant of the
post-synaptic current; Use, utilization of synaptic efficacy; Taup, time constant of depres-
sion; Taur, time constant of facilitation; NRRP number of readily-released pool vesicles.
D)Implementation of the volumetric transmission model for the three neuromodulatory
systems. Left: Graphs illustrating the distance-dependent change in Gumax. Right: first,
from above: schematics illustrating the spherical sampling portion of the algorithm devel-
oped to model volumetric transmission (VT). Second, partial validation of the VT model
for ACh release (data from [Yamasaki et al., 2010]. Third, partial validation of the VT
model for DA release (data from [Courtney and Ford, 2014].
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ChAT ChAT TH fibers | TH o-HT 5-HT
fibers fibers
Layers | length fibers var | length fibers var length fibers var
(var/1000 | (um/1000 | (var/1000 (var/1000
(1m/1000 3 3 3 (1m /1000 3
jim?) pm?) pm?) pm?) jim?) pm?)
L1 7.31£1.16 | 0.48£0.09 | 5.37£0.97 | 0.42+0.18 | 0.74+0.16 | 0.30+0.09
L2 9.49£2.53 | 0.39£0.06 | 3.90£0.69 | 0.24+0.04 | 0.56+0.11 | 0.224+0.06
L3 9.27£2.28 | 0.37£0.05| 3.57£0.63 | 0.24+0.06 | 0.20+0.04 | 0.144+0.01
L4 11.7241.3 | 0.37£0.03 | 4.934+0.37 | 0.2840.03 | 0.1440.05 | 0.1240.02
L5 9.55+2.27 | 0.42£0.07 | 3.39£0.39 | 0.24+0.01 | 0.11+0.04 | 0.1440.02
L6 10.6442.1 | 0.33+0.09 | 3.2040.26 | 0.214+0.05 | 0.1340.04 | 0.1240.02
Table 4.7: Fiber length and densities of the three projection systems Fiber

length and density of varicosities of cholinergic, catecholaminergic, and serotonergic regu-
latory systems in HLS1 at P14. Measured data were corrected for shrinkage and refer to
the total volume of cortical layers.

the train stimulus was applied for 2000 ms.

Supercomputing

A 2-rack Intel supercomputer using dual socket, 2.3 GHz, 18 core Xeon
SkyLake 6140 CPUs, with a total of 120 nodes, 348 GB of memory, and 46
TB of DRAM was used to run the simulations and carry out analysis.

Simulation outputs analysis

All code for analysis was written in the Python programming language.
To estimate the power of the signal at different frequencies, we performed a
power spectrum density analysis (PSD) by calculating firing rate frequencies
and subsequently applying the Welch transformation. The estimation was
performed on the first 1000 ms time interval after the stimulus delivery. To
compute the delta power we specifically selected the 2 Hz frequencies.

4.1.4 Results
Cholinergic fibers

In addition to sparsely distributed ChAT-immunoreactive (ir) neuronal cell
bodies distributed from layers 2 to 6, ChAT immunostaining revealed the
presence of an intricate network of varicose fibers across all cortical layers of
the rat P14 HLS1 (Fig. 1 and Table 4.7). Unfortunately, at a distance from
the cell body, ChAT-ir positive processes emanating from the cell body of
cortical cholinergic neurons could not be distinguished from the surrounding
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Figure 4.4: ChAT, TH and 5-HT immunoreactivity A) confocal stack projec-
tion image, corresponding to a cortical thickness of 14 pm, showing the distribution of
ChAT-immunoreactive fibers (green) in the different layers, as revealed by DAPI staining
(blue), of the P14 rat hindlimb somatosensory cortex. A2) and A3) show respectively,
in monochrome images, ChAT immunostaining and DAPI staining. Squared zones in A
are shown at higher magnification in A4-A5-A6. Arrow heads point to fiber varicosities.
B) same as in A) but for TH-immunoreactive fibers C) same as in A) but for 5-HT-
immunoreactive fibers D) Graph showing the mean values obtained in the HLS1 of the
five P14 rats analyzed for the density of fibers (above) and the density of varicosities (be-
low) for the cholinergic system. E) same as in D but for the cathecolaminergic system F)
same as in D but for the serotoninergic system
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positive elements, most of which are known to originate in the basal forebrain
[Mechawar et al., 2000]. Fibers throughout cortical layers were apparently
oriented in all directions but in layers 1 and 6 fibers with an orientation
parallel to the pial surface were frequently found. The density of cholinergic
fibers was relatively homogeneous throughout cortical thickness and laminar
differences were statistically significant only between layers 1 and 4 (P-value
= 0.048) (Fig. 1). Fiber varicosities were also homogeneously found with
no significant differences between the different cortical layers (Fig. 1).

Catecholaminergic fibers

Immunocytochemistry for tyrosine hydroxylase (TH), the rate-limiting cat-
echolamine synthesizing enzyme, revealed the presence of groups of aspiny
non-pyramidal neurons. According to previous studies [Kosaka et al., 1987],
these cells are distributed in all cortical layers, although they are most abun-
dant in layers 2-3. The processes arising from this neuronal population
might therefore contribute to the TH-ir fibers quantified in the present study
(Fig. 1 and Table 4.7). In addition, TH-ir fibers are considered to label
mainly dopaminergic fibers in the cerebral cortex [Lewis et al., 1988, Mar-
tin and Spiihler, 2013, Sesack et al., 1998], although the possibility that
our results include noradrenergic fibers and boutons, mainly labeled with
dopamine-f hydroxylase [Latsari et al., 2002], cannot be excluded. In the
rat HLS1 neocortex layers 1 and 4 had the highest density of TH-ir fibers,
followed by layers 2 and 3, whereas the density was lowest in layers 5 and
6 (Fig. 1). However, no statistical differences were found between layers
in the density of TH-ir fibers. The density of TH-ir varicosities followed a
similar laminar distribution pattern although no statistical differences were
found between layers (Fig. 1).

Serotonergic fibers

Immunocytochemistry for serotonin (5-HT) revealed the presence of numer-
ous 5-HT-ir fibers through all cortical layers (Fig. 1 and Table 4.7). No
immunoreactive cell bodies were found, as expected. A higher density of
serotonergic fibers was found in supragranular layers, in layer 1 and 2, com-
pared to layer 5 (p-values respectively 0.007 and 0.035) (Fig. 1). Fibers in
layers 1 and 6 showed a preferential horizontal orientation parallel to the
pial surface whereas in other layers fibers oriented in all spatial orientations
but with a radial orientation were frequently found. Fibers with varicosities
were also found in all cortical layers and the density of varicosities tended to
be higher in superficial rather than in infragranular layers (Fig. 1), but a sta-
tistically significant difference was found only between L1 and L4 (p-value:
0.048).
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Comparison of the three ascending neuromodulatory systems

The present observations indicate that in terms of fiber length the cholin-
ergic system constitutes the densest neuromodulatory system of the three
systems studied, followed by the catecholaminergic fiber system, with the
serotonergic system showing the lowest density of fibers. These differences
were significant when averaging data from all cortical layers and also in each
cortical layer separately (Fig 1). Regarding fiber varicosities, that represent
the presumed sites of transmitter release, the density of cholinergic varicosi-
ties corresponded to 1.4 times the density of varicosities of catecholaminergic
varicosities and 2.3 times to the number of serotonin axon varicosities. Fi-
nally, the density of catecholaminergic varicosities was 1.6 higher than that
of serotonergic varicosities.

In silico predictions about the organization of neuromodulatory
input

We implemented two full sets of neuromodulatory projections that work
only with ST and VT respectively. The model allows us to combine the two
in the desired proportions, or to only use one projection system at a time.
To extend our assessment of the influence of neuromodulatory systems we
used the varicosity density profiles across the six neocortical layers to digi-
tally reconstruct cholinergic, dopaminergic and serotoninergic inputs to the
hindlimb region of the rat somatosensory cortex and to obtain quantitative
anatomical predictions about the columnar targets of the three neuromod-
ulatory innervation systems. Specifically, we estimate the total number of
neurons innervated by each projection system, the number of post-synaptic
cells contacted by each fiber and the most contacted cell types (Figure 3).
Overall, we estimated that each cholinergic fiber targets 301.0 4= 493.6 neu-
rons with 336.6 £+ 567.4 synaptic RS, while each cortical neuron receives 4.2
+ 2.7 fibers with 4.7 + 3.3 synaptic RS. In the case of volumetric trans-
mission, we calculated that each ACh fiber contacts up to 7104.4 + 4581.0
neurons. The most contacted excitatory cell type is the TPC: A in .23, while
the most contacted inhibitory cell-type is the LBC in L23. Moreover, we
predict that each TH immuno-positive fiber targets 521.4 + 852.2 neurons
with 631.4 £ 1063.4 synaptic RS, while each cortical neuron receives 2.7 +
1.6 fibers with 3.3 £+ 2.3 synaptic RS. In the VT implementation each TH
fiber targets 4377.7 £ 3982.9 neurons. The most densely innervated cell-
type is the L23 TPC:A while in terms of inhibitory cells the most contacted
type is the LBC in L6. Each 5-HT fiber targets 365.7 & 566.7 neurons with
458.2 £ 740.0 synaptic RS and each neurons receives 2.0 + 1.1 fibers with
2.5 £ 1.7 synaptic RS. In the VT case serotoninergic contacts reach 3463.2
+ 2605.1 neurons. The most contacted excitatory neuron is the TPC:A in
L5 and the most contacted interneuron is the .23 LBC. For a more refined
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Figure 4.5: In silico predictions of neuromodulatory innervation All data is rep-
resentative of a single column in our in silico neocortical microcircuit. A)From left to right:
in silico Golgi stain microphotograph of a cortical column; in silico neuromodulatory vari-
cosities densities. B)Histograms showing the distribution of the number of post-synaptic
targets contacted by each neuromodulatory fiber, for the three neuromodulatory systems.
Striped bars represent inhibitory cell-types C)Heatmap of the proportion of excitatory
morphological types contacted by each projection system. D)Heatmap of the proportion
of inhibitory morphological types contacted by each projection system.
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breakdown of the proportions of cell-types innervated by the three systems
see panel C in Figure 3. Next, we tested whether our virtual neuromodula-
tory projection systems can be activated to induce network effects reported
in the literature. We reasoned that albeit sparse, if properly connected and
parametrized, neuromodulatory fibers should elicit a modulation of network
activity.

Simulating cholinergic network effects

Optogenetic activation of ChAT-positive neurons in the basal forebrain (BF)
is known to produce a desynchronizing effect on the activity of neurons in
sensory cortices [Lee and Dan, 2012, Pinto et al., 2013], even though exactly
how this is achieved remains unclear. We therefore gathered and integrated
data about the effects of optogenetic cholinergic BF neurons stimulation on
neocortical cell types residing in sensory cortices, to simulate the activation
of cholinergic projections in our detailed model of a neocortical column.
As reported in Table 4.1 and Figure 4, in our implementation, choliner-
gic inputs depolarize L1 interneurons, L.23 distal-targeting interneurons and
L5 - L6 pyramidal cells (PCs), and instead have a hyperpolarizing effect
on L23 - L4 PCs and L23 proximal-targeting interneurons. The remain-
ing cell-types are not targeted by our ACh connections because cholinergic
stimuli in a physiologically relevant range (achieved via optogenetic tools
or relatively low concentrations of ACh agonists, i.e., not greater than 100
wuM) fail to elicit a response in deeper layers inhibitory interneurons [Ar-
royo et al., 2012, Obermayer et al., 2018]. For a more detailed explanation
of the parameters used for simulations, we redirect the reader to Table 4.4
First, we simulated the all-synaptic activation of the whole cholinergic pro-
jection system at increasingly higher stimulation rates (5, 10, 15, 20, 25,
30 Hz) to model progressively higher levels of ACh release. Cholinergic ST
inputs significantly reduce the delta component of the power spectrum of
network activity (at 20 Hz ST we observe a 49% reduction with respect to
control; p-value= 0.18 x 1073?); moreover, this reduction tends to be larger
as the stimulation frequency increases. For all subsequent simulations of
cholinergic inputs, we therefore chose to mimic the firing frequencies used
in optogenetics experiments (around 20 Hz) which in turn imitate the syn-
chronous spiking of cholinergic neurons in the BF [Hedrick and Waters,
2015, Obermayer et al., 2018].

Predicting ACh release kinetics

The dynamics of ACh release have not been elucidated yet, likely because
they can be influenced by a variety of factors. ACh can be released tonically
or phasically, via volume or synaptic transmission, and it can be subjected to
fast clearing from the extracellular space because of the activity of catalytic
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enzymes such as cholinesterases [Coppola et al., 2016, Lysakowski et al.,
1989]. The literature reported values for the offset decay kinetics of ACh
currents range across several orders of magnitude [Arroyo et al., 2012, Hay
et al., 2016, Nelson and Mooney, 2016a]. To reconcile the conflicting reports,
we simulated the cholinergic modulation of network activity as if it were 1)
completely synaptic 2) wholly mediated by volumetric transmission and by
varying the input type (phasic or tonic stimulation) and the kinetic param-
eters assigned to the connections to check the subsequent network effects.
We designed a stimulus to mimic the phasic activation of cholinergic as-
cending fibers (a single-pulse, high frequency stimulus) and one to simulate
a more tonic stimulation (a 20 Hz train of pulses) as was done experimen-
tally by [Hay et al., 2016]. In order to select an appropriate volume of
influence for the neuromodulatory volumetric signal we searched for studies
reporting the spatial extent of neuromodulatory transients; often these are
quite recent studies that leverage recently developed genetically-encoded-
fluorescent sensors. To instantiate the ACh VT model, we assigned a value
of 5 microns to the Ry ax parameter (see Methods and Figure 4), which was
kept fixed for all simulations of volumetric cholinergic release, as reported
by [Borden et al., 2020]. The DTC values (Table 4.4) are important to de-
termine the transmission timeline in both synaptic and volumetric release.
While neuromodulatory ST is known to act on rapid timescales (i.e., the ms
range), VT works with significantly longer transmission delays (hundreds of
milliseconds) [Agnati et al., 2006, Arroyo et al., 2012]. Nevertheless, synapti-
cally mediated cholinergic currents with a slower decay have been observed
as well [Hay et al., 2016]. We therefore used some of the experimentally
obtained DTC values and combined them with the other conditions in or-
der to predict which set of parameters leads to a more substantial effect on
network activity. We found that specific combinations of input type — trans-
mission mode — and kinetic parameters are required to fully desynchronize
the microcircuit (Fig. 5). Specifically, when ACh is released synaptically
in our model, a 10 ms pulse can impact network activity only when the
connections are assigned a slow enough decay kinetics (~ 200 ms), while
no effect can be observed when a faster kinetic is at play (~ 5 ms). A 20
Hz train of pulses is even more impactful and leads to a prolonged desyn-
chronization of network activity. However, the strongest desynchronization
occurs when in our model ACh is released volumetrically (99% reduction;
p-value=9.09 x 10710)). In this case, if a train stimulation is coupled to even
slower decay kinetic values (~ 600 ms), activation of cholinergic fibers leads
to a complete cessation of slow oscillatory phenomena, and network activity
shifts to a much faster and entirely desynchronized regime as can be seen
in Figure 5. In our simulations cholinergic stimuli bring about a significant
decrease of the delta band (0.5 - 3 Hz) power that is not due to a mere
change in the mean firing frequencies of the neurons in the network that are
receiving the stimuli. Therefore, all subsequent simulations implementing
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the VT model were assigned a DTC of 608.6 + 109.7 ms [Hay et al., 2016]
while for the simulations implementing the ST model, we used DTC= 241.2
+ 15.5 ms [Nelson and Mooney, 2016b].

Relative contributions of synaptic and volumetric release

We showed that the VT implementation of cholinergic release dramatically
desynchronized microcircuit activity while the ST implementation had a
smaller effect on the reduction of slow oscillations. We therefore wondered
what would happen if we activated the two systems simultaneously while
manipulating the amount of input received. We performed an in-silico ex-
periment where we only simulated cholinergic VT and activated increasing
proportions of the afferent projections, thus simulating progressively higher
levels of cholinergic release. For example, activating 10% of the projections
in our model means that 28/283 source neurons are firing at 20 Hz. As
can be seen in (Figure 5) we found that at least 50% of the VT projections
have to be activated to completely desynchronize network activity. How-
ever, if we add synaptic release (100% of the fibers activated and firing at
a 20 Hz frequency), lower levels of VT are sufficient to induce full network
desynchronization (as low as 10% of VT), suggesting that the two modali-
ties might work synergistically to evoke network states transitions. We kept
testing this hypothesis, and performed another experiment where we acti-
vated progressively higher levels of VT while simultaneously simulating ST,
this time by activating the ST projections with a high-frequency single pulse
stimulation. Low levels of VT caused a complete desynchronization of mi-
crocircuit activity, that was however shorter in duration (~ 1 s) (Figure 5).
The longer-lasting shift in network activity (comparable to results obtained
with a tonic stimulation, ~ 3 s) could be still rescued by recruiting higher
levels of VT, once again suggesting that VT and ST might work together in
a diversity of contexts.

Simulating dopaminergic network effects

Dopamine is known to modulate arousal and promote wakefulness in living
animals [Taylor et al., 2016], and to have effects on neocortical cell types
[Bassant et al., 1990, Gonzalez-Islas and Hablitz, 2003, Gorelova et al., 2002].
However, VTA inputs to sensory cortices have not been extensively described
(as opposed to inputs to the prefrontal cortex), nor has their impact on net-
work activity (unlike behavioral effects). For lack of better options, we used
data about the effects on neocortical cell types elicited by bath applica-
tion of dopaminergic agonists, mostly obtained in the prefrontal cortex, to
parametrize the newly added dopaminergic synapses. As reported in Table
4.2 and Figure 4, in our model, dopaminergic inputs depolarize L1 interneu-
rons, all-layers proximal-targeting interneurons and pyramidal cells in L5
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and L6. Pyramidal cells in 123 and L4 are instead inhibited by DA. We
chose not to target the remaining cell-types because of lack of literature-
reported effects. For a more detailed explanation of the parameters used
for simulations, we redirect the reader to the Methods section of this paper
and to Table 4.6. We implemented both the all-synaptic (ST) and the all-
volumetric (VT) model of dopaminergic release, for which we used a Riax
= 2 pum. The DTCs values were constrained through literature-reported
values [ST: 220 £ 41 ms [Condon et al., 2021]; VT: 0.4 +- 0.1 s [Court-
ney and Ford, 2014]]. First, we simulated the all-synaptic activation of the
dopaminergic projection system at increasingly higher stimulation rates (5,
10, 15, 20, 25, 30 Hz) to model progressively higher levels of dopamine re-
lease. As shown in Figure 6 dopaminergic ST inputs significantly reduce the
delta component of the power spectrum of network activity ( 26% reduc-
tion, p-value=1.04 x 10-2!). For all subsequent simulations of dopaminergic
inputs, we chose a firing frequency of 20 Hz, again to be aligned with op-
togenetic stimulations experiments [Brunk et al., 2019, Taylor et al., 2016].
Then we simulated an all-volumetric activation of dopaminergic projections
and we found that VT transmission has a higher impact on network syn-
chrony than ST: the delta power is reduced of 85% when 100% of the DA
fibers are stimulated (p-value=1.05 x 10°2°) Furthermore, we did another
experiment where we activated an increasingly higher proportion of inputs
(10%, 20%, 30% up to 90% of the projections) thus simulating progressively
increasing recruitment of neuromodulatory fibers. Dopaminergic inputs do
not lead to a complete desynchronization of network activity, but the ef-
fect on slow oscillations seems to increase linearly with the number of fibers
recruited. We also combined ST (100% fibers) with increasing amounts of
VT (10, 20, 30 ... 90 % fibers) and found that when the two systems are
activated simultaneously, low levels of VT are sufficient to induce complete
desynchronisation in network activity (100% reduction); the effect remains
stable at higher levels of V'T.

Simulating serotoninergic network effects

A substantial body of evidence suggests a causal relationship between 5-
HT levels and cortical activity [Grandjean et al., 2019, Harris and Thiele,
2011, Lee and Dan, 2012, Puig et al., 2010]; optogenetic stimulation of the
DR reduces low frequency power in the cortex thus promoting desynchro-
nization. However, these results are mostly obtained in prefrontal areas, and
the role of 5-HT projections to the SSCX is not clear to date. To test whether
this holds true for the somatosensory cortex as well, we parametrized the
serotoninergic connections as reported in experiments where 5-HT was bath-
applied (see Table 4.3). As reported in Figure 4, serotoninergic inputs hyper-
polarize lower layers (L4 and L5) pyramidal cells and L23 PV interneurons,
but have excitatory effects on L23 VIP and SST interneurons, and (as for
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Figure 4.7: DA network effects Simulated network effects during the progressive
activation of the virtual dopaminergic projection systems. Timing of simulated optogenetic
dopamine release is shown as colored vertical bars on top of the plots. Simulation time
is 4000 ms, and projections activation occurs at t=2000 ms and stops at t=4000 ms. A)
Dopaminergic effects; raster plots and superimposed frequency histograms. ST: synaptic
transmission; VT: volumetric transmission; Ctrl: control condition. B) time-frequency
representation plots. C) Graph showing only the delta (1.5 -3 Hz) range power for every
simulated condition.
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most neuromodulators) they depolarize all L1 interneurons. We chose not to
target the remaining cell-types because of lack of literature-reported effects.
For a more detailed explanation of the parameters used for simulations, we
redirect the reader to the Methods section of this paper and to Table 4.7. We
implemented both the all-synaptic (ST) and the all-volumetric (VT) model
of 5-HT release, for which we used a Rpax = 3 um. The DTCs values were
constrained through literature-reported values (we assigned ST and VT the
same value for lack of better data: 0.44 £ 0.3 s; (Courtney and Ford, 2016).
First, we simulated the all-synaptic activation of 5-HT fibers with progres-
sively increasing stimulation frequencies (5, 10, 15, 20, 25, 30 Hz) to check
the effect on slow oscillations. We found that 5-HT inputs reduce the delta
component of network oscillations ( 80% reduction, p-value=1.6 x 103")and
shift the power spectrum towards higher-frequency components; while the
reduction of the 2 Hz peak is drastic, an increase in oscillation frequency is
also evident, as can be seen in the raster plots in Figure 7. For all subsequent
simulations of 5-HT release we used a train of pulses at 20 Hz (again, to fall
in line with optogenetics experiments such as in (Lottem et al., 2016). The
effect on 2 Hz oscillations is even larger when we simulate an all-volumetric
implementation of 5-HT release (reduction of 99% p-value=2.6 x 1074%), and
it increases with the number of fibers stimulated (again, we simulated the
activation of 10%, 20% ... up to 100% of the fibers). The VT model of
serotoninergic inputs also predicts an increase in higher-frequency oscilla-
tions (the theta range) and brings about a significant desynchronization of
network activity. We also tried coupling the ST and VT models (where we
activated 100% of ST inputs, and increasing percentages of VT release) and
found that when the two release modes are combined, low levels (10%) of
VT are sufficient to induce a complete desynchronization of network activity
(100% reduction).

4.1.5 Discussion
Anatomy of neuromodulatory Systems

In the present, study we have estimated their densities and laminar distribu-
tion patterns using immunostaining and stereological techniques. The data
are compared to previous data generated in our laboratory using FIB/SEM
and Espina software that allow the identification and quantification of virtu-
ally all cortical synapses in long series of images that represent a 3D sample
of cortical neuropil [Merchan-Pérez, 2009, Santuy et al., 2018]. Previous
studies in different cortical regions and species have examined the develop-
mental maturation of the rat cortical innervation by the networks of cholin-
ergic, catecholaminergic and serotonergic fibers [Descarries and Mechawar,
2000, Dori et al., 1996, Kalsbeek et al., 1988, Latsari et al., 2002, Lidov and
Molliver, 1982, Mechawar and Descarries, 2001, Mechawar et al., 2002, Ver-
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Figure 4.8: 5-HT network effects Simulated network effects during the progressive
activation of the virtual serotoninergic projection systems. Timing of simulated optoge-
netic serotonin release is shown as colored vertical bars on top of the plots. Simulation
time is 4000 ms, and projections activation occurs at t=2000 ms and stops at t=4000
ms. A) 5-HT effects; raster plots and superimposed frequency histograms. ST: synaptic
transmission; VT: volumetric transmission; Ctrl: control condition. B) time-frequency
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simulated condition.
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ney et al., 1984]. These studies suggested that the pronounced effects that
these regulatory systems exert on the morphology and physiology of ma-
turing cortical neurons are both through synaptic and non-synaptic con-
nections. They reported regional specificity throughout the neocortex and
progressive changes over postnatal development in fiber length, branching
patterns, number of varicosities and percentage of varicosities that form
synaptic contacts. To get a deeper insight in the organization of the cor-
tical neuropil in the different cortical layers of the HLS1 of two-week old
rats, in the present study we have also estimated the fiber length per corti-
cal volume and the density of varicosities of catecholaminergic, serotonergic
and cholinergic systems, using immunocytochemical and stereological tech-
niques. Our combined experimental and modeling approach demonstrates
that the cholinergic projection system prevails over other neuromodulatory
systems in the cerebral cortex and contacts by far the largest number of
post-synaptic targets in each neocortical layer. The second most preva-
lent type of neuromodulatory innervation is the TH-positive fiber system.
Dopaminergic fibers are generally thought to be present mostly in the frontal
areas [Jacob and Nienborg, 2018] while only sparsely innervating the sen-
sory cortices [Aransay et al., 2015]. Our findings confirm previous results
concerning the presence of TH staining in the developing somatosensory cor-
tex (Descarries et al., 1987). Anatomical studies in different rodent species
have identified substantial serotonergic projections from the raphe nuclei to
early sensory areas including the somatosensory cortex [Jacob and Nien-
borg, 2018]. 5-HT fiber density transiently increases in the neonatal rodent
neocortex [D’Amato et al., 1987], and becomes more uniformly distributed
after the third postnatal week. Here, we confirm that serotoninergic fibers
innervate the developing rodent neocortex and are more abundantly present
in superficial rather than in deep layers. This preferential organization of
serotoninergic fibers and varicosities could reflect the fact that a large, devel-
opmentally distinct category of inhibitory interneurons that also expresses
the 5HT3,R is concentrated in supragranular layers. This population is
heterogeneous and includes all of the VIP expressing neurons, as well as an
equally numerous subgroups of neurons that do not express VIP and in-
cludes neurogliaform cells [Rudy et al., 2011]. The preferential innervation
of L1 seems to be a key feature of neuromodulatory projections to the so-
matosensory cortex: given the relative scarcity of cell bodies in layer 1 it is
reasonable to hypothesize that they would be contacted by a large number
of fibers, in order to maximize the probability of receptor activation. To gain
a better insight of the organization of neuromodulatory systems we also de-
veloped a structural model of cholinergic, dopaminergic and serotoninergic
innervation of the sensory cortex. Our goal here was to generate predic-
tions of quantities that are hardly measurable in real-life settings such as
the number of neurons contacted by each neuromodulatory axon, the num-
ber of synapses established by each fiber and the proportions of innervated
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cell-types.

Physiology of neuromodulatory systems

Neuromodulators are traditionally thought to act with low spatial precision
throughout the cortex, but recent lines of evidence suggest that they also
exhibit fast modes of signaling [Kalmbach et al., 2012, Obermayer et al.,
2018, Poorthuis et al., 2013] and that neuromodulatory axons establish
specialized synaptic contacts [Nelson and Mooney, 2016b, Takécs et al.,
2013, Turrini et al., 2001]. In rodent neocortex reports of the percentage of
varicosities that establish synaptic contacts are conflicting and values range
from 14% to 66% [Colangelo et al., 2019]. Some authors argue that choliner-
gic synapses might be difficult to find with traditional methods, and propose
novel ways to identify cholinergic synapses; Takacs et al for instance observed
that cholinergic contact sites in rodent neocortex were strongly labeled with
neuroligin-2 and they did not resemble typical synapses, suggesting that
cholinergic fibers establish more synaptic connections than it was recognized
previously. More in general, a body of anatomical evidence suggests that
cholinergic synapses exist, with apposition of pre and post synaptic sites, al-
though they might not account for all ACh release sites [Disney and Higley,
2020, Turrini et al., 2001]. Evidence in favor of cholinergic volumetric trans-
mission, such as the presence of extrasynaptic receptors and slowly decaying
current kinetics [Descarries and Mechawar, 2000, Hay et al., 2016, Yamasaki
et al., 2010] has also been reported. According to Hay et al, both synap-
tic and diffuse cholinergic transmission occur in the neocortex depending
on the regime of BF neurons. Thus, even though fast point-to-point mod-
ulation of synaptic transmission has been repeatedly demonstrated in the
rodent neocortex [Kalmbach et al., 2012], the possibility that neuromod-
ulatory systems exert their action via volume transmission as well cannot
be excluded. Incidentally, whilst en passant axonal boutons of cholinergic
neurons of subcortical provenance can mediate volume transmission broadly
in the cortex, acetylcholinesterase (AChE) restricts the diffusion of ACh by
enzymatic hydrolysis after its release [Sarter et al., 2009]. Thus, slow and
diffuse cholinergic transmission in the cortex is likely to be spatially and
temporally constrained by the catalytic power of AChE, other than by the
localization and density of cholinergic receptors. It is reasonable to hypothe-
size that neuromodulatory activity likely reflects a mixture of spatiotemporal
dynamics [Munoz and Rudy, 2014]; however, the relative contributions of the
two transmission modalities remain unclear. In this study, we implemented
a model of neuromodulatory release that accounts for volumetric and synap-
tic transmission to investigate the dynamics of cholinergic release in sensory
cortices. Additionally, we extend our framework to include other neuromod-
ulators, such as DA and 5-HT, that have not been so extensively studied in
the somatosensory cortex of the rat. We show that cholinergic projections
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modulate the activity of the simulated microcircuit by decreasing slow oscil-
lations (delta oscillations) and by desynchronizing network activity (Figure
5). In particular we show that high levels of volumetric transmission are
sufficient to fully and persistently desynchronize the microcircuit, but they
are not necessary: when VT is coupled to ST, we observe a synergic effect
and lower levels of VT suffice to achieve the same network effect. Moreover,
we show that conflicting reports about the magnitude of the DTC in cholin-
ergic induced PSCs can be reconciled via in silico experiments performed
within our framework, and so can the cell-type specific effects of choliner-
gic release. No amount of validation can prove a model right, but within
its domain of validity our model allowed us to put to the test the under-
lying hypothesis (i.e. the data that we used to constrain the model). The
literature about the cell-type specific cholinergic modulation of membrane
properties is quite conflicting. For example, there is no clear agreement on
the effects exerted by ACh on pyramidal neurons, nor on basket cells (PV-
F'S interneurons). Some papers report inhibitory effects, others excitatory or
biphasic, or (sometimes paradoxically) a lack of effect [Eggermann and Feld-
meyer, 2009, Gulledge and Stuart, 2005, Hedrick and Waters, 2015, Joshi
et al., 2016, Obermayer et al., 2018, Xiang et al., 1998b]. The same is true
for measurements of transmission features such as the DTC, or the firing
frequency of cholinergic cells of subcortical provenance. Because our model
replicates well-established emergent phenomena such as the desynchroniz-
ing effect of cholinergic release reported in the literature [Alitto and Dan,
2013, Pinto et al., 2013], we can be confident that it captures at least some
essential properties of the system being modeled. Less is known about the
activation of the DA and 5-HT modulatory systems and their effects on sen-
sory microcircuits. Most of the data is recorded in prefrontal regions or in
subcortical modulatory regions such as the striatum and the DR [Courtney
and Ford, 2014, Gonzalez-Islas and Hablitz, 2003, Puig et al., 2010], so it’s
harder to validate the results of our model. However, the presence of both
DA and 5-HT varicosities and receptors has been reported in the rodent
sensory cortex [Bao et al., 2001, D’Amato et al., 1987, Descarries et al.,
1987]. We decided to extend the assessment of the influence of these neuro-
modulatory systems in otherwise previously unexplored conditions, i.e., in
somatosensory regions. We simulated the effects of endogenous DA release
and we found that synaptic transmission alone induces a significant decrease
in the delta power (30%) of microcircuit oscillatory activity; VT however
is much more impactful in that it has an even stronger effect of slow os-
cillations. Combining dopaminergic VT and ST leads to complete network
desynchronization. It is interesting to notice here that the desynchroniza-
tion induced by DA is not as long-lasting as seen in the ACh case even
though the train stimulation is equivalent. 5-HT volumetric and synaptic
inputs also drastically reduce the delta component of network oscillations
and cooperate to bring about complete network desynchronization. Addi-
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tionally, serotoninergic release induces a shift in the power spectrum towards
higher-frequency components (5-8 Hz).

Modelling assumptions

When modeling, one is necessarily simplifying from ground truth. These
simplifications are based on assumptions, where as long as the assumption
holds true, the corresponding simplification does not limit the validity of
the model. Consequently, in order to assess the validity of a model it is
paramount to be aware of the assumptions it is based on. In the next
paragraph we will describe three main types of assumptions that our model
is based upon.

One is the "inherited assumption”, that occurs whenever a model is built
on top another existing model. The new model inherits all relevant as-
sumptions of the base model. For example, our algorithm to reconstruct
neuromodulatory innervation inherits the assumptions relating to neuronal
composition, placements and morphology from the underlying neocortical
column model.

The second type is the data/structuring assumption: that is, an assump-
tion that acts on how the model is parameterized, i.e., how data is turned
into parameters. In this modelling study, after placing additional synapses
in our NCX model to match the distribution profile observed experimen-
tally, we assigned synaptic features based on literature reports gathered in
Tables 4.1, 4.2, 4.3. We developed an algorithm that assigns excitatory
or inhibitory synaptic parameters based on the post-synaptic morphological
type (m-type) contacted by our virtual projection systems. We assumed that
synapses of subcortical provenance will display forms of short-term dynamics
similar to the well-known dynamics of neocortical synapses [Markram et al.,
2015] and that they would be governed by similar principles. Moreover, we
assume that organizational principles extracted for specific cell-types hold
true in more general cases and we apply them to broader target classes. For
example, if we find that ACh depolarizes L5 pyramidal cells we extend this
observation to a broader category, i.e., L5 excitatory cells. Additionally, we
compute the number of fibers for each neuromodulatory projection system
based on rough estimations of the number of presynaptic cells in the un-
derlying subcortical neuromodulatory region. This assumption has limited
validity in many ways. First, we are assuming that NM projections originate
from a specific nucleus in the subcortical modulatory region (in particular:
the NBM for ACh, the DR for 5-HT and the VTA for DA) and we are dis-
regarding the possibility that some proportion of the connections can arise
from other less relevant or less studied nuclei. While it is true that these
nuclei are the main sources of neuromodulatory inputs, the possibility that

114



other nuclei are also involved cannot be excluded. Second, we assume that
the innervation of the S1 region is homogeneous in all its subregions, while
there may be differences in the innervation of specific areas.

Third, we report modelling assumptions, that is all the assumptions at
the very core of the model itself. For instance, we assume that the slow
oscillatory activity of our simulated microcircuit (yielded by a specific set of
parameters) can mimic the inactivated / synchronized brain state typical of
SWS states (see Methods section — Neural microcircuit model). The other
modelling assumptions revolve around the VT implementation. Information
such as the concentration of the neurotransmitter in the extracellular matrix,
and the dynamics of the release in terms of diffusion kinetics is central
to understand the spatiotemporal constraints of VT. However, neither the
effective concentration of neuromodulators in the extracellular space, nor the
rates of their diffusion/degradation are known and an accurate knowledge
of the spatiotemporal limits of diffuse neuromodulator release is still lacking
= [Coppola et al., 2016], mostly because of technological limitations. In
our model, we assume that the extracellular matrix has no influence on
volumetric transmission, and we do not specifically model the action of
catalytic enzymes like cholinesterases. Additionally, we sample a spherical
volume around the VT release site and assume transmission isotropy. A list
of assumptions can be complete only when the following conditions are met:
the infinite set of all conceivable models has to be considered, and then each
assumption, combined with ground truth data, rules out a part of that set.
Then, the proposed model is the only one remaining that is consistent with
the ground truth data. The theoretical goal of having a complete list of
assumptions is therefore unachievable, for the simple reason that the space
of all conceivable models is most likely impossible to describe, but it provides
a useful thought framework.

4.1.6 Conclusions and future directions

Our goal here was to integrate sparse experimental datasets and provide a
way to generate predictions about the influences of three distinct neuromod-
ulatory systems in the somatosensory cortex. Through our modelling efforts
we sought to provide a framework to investigate the long-standing issue of
the relative importance of volumetric vs point-to-point synaptic transmis-
sion. Our results show that the two modalities have cooperative effects and
we propose that one key feature of network transitions between synchrony
and asynchrony regimes is the co-occurrence of volumetric and synaptic neu-
romodulatory transmission. Predictably, our model has limitations, several
of which we have already listed in the assumptions section. To mention
a few others, we do not account for the action of other neuromodulators
in the cortex (Disney, 2021), which are likely to influence the context in
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which ACh, DA and 5-HT work, nor we take into consideration the effects
that these three neuromodulators have on each other and on their own ac-
tivity. ACh is known to be involved in feedback regulation of cholinergic
release via presynaptic axonal autoceptors for instance, and neuromodula-
tors can be co-released with other peptides or transmitters [Granger et al.,
2017, Saunders et al., 2015]. The framework we built to model neuromodu-
latory transmission can be updated as we gather new data and move forward
in our understanding of neuromodulatory systems.
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Chapter 5

Discussion and concluding
remarks

The goal of this thesis wis to develop a computational framework to in-
tegrate multiscale data on the effects of neuromodulatory release in the
neocortex and predict the fine-grain mechanisms shaping the modulation of
cortical states. This thesis addresses the need to turn the understanding of
the brain into a more tractable issue, generating novel ways and approaches
to investigate the multi-scale and complex nature of neuromodulatory pro-
cesses.

After an initial review of the state-of-the-art of literature, I presented a
collaborative, proof-of-concept paper that shows that it is indeed possible,
and potentially very advantageous, to build a multi-level model of the chem-
ical modulation of neocortical microcircuit activity. I then augmented this
framework with biologically plausible models of neuromodulatory release.
To this end, I present an original study with ACh as a use case and describe
how I extended the framework to other neuromodulators, such as DA and
5-HT. Beginning with experimental datasets on the layer-wise neuromodu-
latory varicosity density profiles and data about the effects of neuromodula-
tory release on neocortical cell-types, we reconstructed ACh, DA and 5-HT
projections to the rat somatosensory cortex, and simulated the effects of
their activation. More specifically, we implemented two distinct models of
neuromodulatory release, in an attempt to address the long-standing debate
on the nature of volumetric vs synaptic transmissions of neuromodulators.
Contrary to traditional beliefs, we found that one modality does not prevail
upon the other: volumetric and synaptic transmission act in a synergistic
fashion to desynchronize cortical microcircuits. While volumetric transmis-
sion alone is sufficient to impact network activity, the combination of synap-
tic and volumetric inputs produces a dramatic and much more stable effect,
for all three neuromodulatory systems examined. Thanks to our model
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we show that desynchronization of network activity is achieved through a
marked inhibition of the spontaneously generated slow oscillatory activity
that characterizes inactivated brain states. Overall, my thesis suggests a
departure from the dogma that neuromodulators are released prevalently
through a single transmission modality. My work predicts that there is no
direct correspondence between tonic activity and volume transmission, and
phasic activity and synaptic transmission. Supported by these findings, I
propose that volume and synaptic transmission of neuromodulators co-exist
in the rodent neocortex, and act concomitantly on cortical microcircuits to
ultimately reconfigure global brain states.

It goes without saying that a model cannot perfectly represent the system
taken into consideration, and the utility of a simulation is limited by the
quality of the underlying data and assumptions. In the previous chapter
I have extensively described the assumptions that constrain the model of
neuromodulatory release, but the list is virtually impossible to complete.
Despite these shortcomings, we can be confident that our model captures at
least some of the essential properties of neuromodulatory innervation, be-
cause it replicates well-known emergent phenomena. Furthermore, I’d like to
highlight that the framework I have built is a first version of a reconstruction
that can be augmented and refined as more data is obtained.

The goal of this thesis is to develop a first draft implementation of neuro-
modulatory effects to guide experimental research. Having summarized the
known effects of cholinergic release on neuronal activity in the somatosen-
sory cortex, and having identified the gaps in the current knowledge is one
of the major contributions of the thesis to the advancement of the field
of cortical neuromodulation. Gathering and integrating sparse information
about the effects of neuromodulation is a daunting task requiring meticulous
data acquisition and curation. Computational models and simulation-based
approaches provide ways to integrate existing knowledge and emerged as
an answer to the growing necessity to make sense of sparse datasets in the
literature. Modelling approaches turn the scientific investigation cycle into
an iterative process: with each iteration, knowledge can be gained and the
interpretation and validation of the data can change. Managing such a pro-
cess poses a number of organizational and technical challenges: data that
is scattered across multiple systems and repositories needs to be discov-
ered and organized coherently. Data can be collected from multiple sources,
potentially revealing inconsistencies across different workflows, raising the
need to strictly track data provenance. Furthermore, data may need to
be transformed, reshaped or generalized. Thus, collecting and integrating
experimental datasets for the purpose of model-building is an exercise in
data management, classification and transformation. Another important
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aspect that needs to be highlighted is that summarizing all the established
knowledge into a coherent framework allows the identification of knowl-
edge gaps in the literature. Confirming previously obtained results is of
paramount importance when trying to make sense of neuroscientific phe-
nomena, but differences in experimental setups, methods and workflows can
produce inconsistent observations and duplication of effort across research
groups should be avoided. What is instead needed is a way to consolidate
high-quality information and shed light on what is still missing in order to
achieve a more complete perspective of the problem. For instance, I would
argue that in order to get a more comprehensive view of the effects of ACh
on neocortical cell-types (assuming that we can agree on what cell-types are)
we should focus on using identical methodologies across different laborato-
ries and apply them to a large number of cell types, rather than constantly
repeating slightly different experiments focusing on the major cell-types in
the neocortex. For instance, the state-of-the-art literature comprises dozens
of scientific research papers all focusing on elucidating the effects of ACh
on pyramidal cells in layer 5, without generating true consensus on what
the effects are. The lack of agreement is likely attributable to subtle but
important differences in how the data is collected but also to the species,
age of the animal, brain area and agonist type being used. Agreeing on
methodologies and experimental protocols could potentially aid with dissi-
pating the recurrent conflicting results in the field. Furthermore, endlessly
duplicating experiments about the effects of ACh on major cell-types over-
shadows the need to perform these experiments on the remaining cell-types
in the neocortex. Similarly, focusing on describing the actions of one neu-
romodulator in a given system cannot provide a complete understanding of
how the system is being modulated: neuromodulators interact recursively to
produce desired behavioral outcomes and their actions cannot be studied in
isolation. In the following paragraph I will provide a list of what I believe are
the main knowledge gaps in the neuromodulation field with the objective of
providing direction for future experimental avenues. These suggestions are
framed in the context of studying the neuromodulation of rodent somatosen-
sory circuitry, but they can be extended to the investigation of other model
systems.

e Effects of neuromodulators on neocortical cell types

— Characterize the effects of increasing bath-applied concentra-
tions of neuromodulators on major classes of inhibitory interneu-
rons (PV, VIP, SOM) across cortical layers

— Characterize the effects of optogenetically released neuromodu-
lators on major types of excitatory and inhibitory interneurons
across cortical layers and assess differential effects evoked by pro-
gressively increasing fiber stimulation frequencies
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e Effects of neuromodulators on neocortical connections

— Characterize effects of increasing bath-applied concentrations of
neuromodulators on inhibitory connections in the neocortex

— Characterize effects of optogenetically released neuromodulators
on inhibitory connections in the neocortex and assess differen-
tial effects evoked by progressively increasing fiber stimulation
frequencies

e Network effects of neuromodulators
— Establish network effects of DA and 5-HT on sensory cortices
e Volumetric influence of neuromodulatory release

— Measure or estimate radius of influence of 5-HT volumetric re-
lease

— Measure or estimate decay kinetics of 5-HT and DA transients

— Measure extrasynaptic neuromodulatory receptor concentration
densities as a function of distance from neuromodulatory release
sites

— Measure neuromodulator concentration as a function of distance
from neuromodulatory release (absolute concentrations are tricky
to measure, relative concentrations would suffice)

e Characterization of neuromodulatory-releasing subcortical nuclei

— Estimate number of neuromodulatory releasing neurons in sub-
cortical areas such as the BF, the DR and the VTA

— Characterize firing rates of neuromodulatory neurons in physio-
logical contexts

— Perform retrograde tracing experiments from specific cortical ar-
eas to estimate the portion of neuromodulatory neurons actually
innervating those areas
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Measuring the concentration of neuromodulatory compounds has consti-
tuted a challenge for neuroscientists mainly because of technological caveats:
microdialysis methods are limited by aspects such as the temporal resolu-
tion and the size of sampling probes. That is why it is crucial to come
up with methods to estimate such quantities. One way in which this could
be achieved is by mapping the effects of optogenetically-evoked neuromod-
ulatory inputs, which is a relatively more physiological way of activating
neuromodulatory release, to the effects of bath-applied known neuromodu-
lator concentrations. Establishing such a relationship would allow to relate
firing frequencies of subcortical neuromodulatory-releasing neurons to the
applied dose of neuromodulators, thus creating a way to predict their phys-
iological extracellular concentration. Optogenetic activation of subcortical
nuclei however is not a quintessential model of physiological neuromodu-
latory release. Low infection efficiency of channelrhodopsin2 (CHR2) con-
taining viral vectors, the unknonwn spatial distribution of cholinergic axons
being activated and other factors such as poor light penetration into brain
tissue potentially confound results obtained with these methods [Kalmbach
et al., 2012]. At the same time, bath-application of neuromodulatory ag-
onists in brain slices is not guaranteed to be a valid model of neuromodu-
latory release either. The use of non-hydrolysable analogs and even more
importantly the timeline of these kind of experiments are likely to lead to
receptor desensitization as a consequence of agonist overexposure. Tradi-
tional bath-application methods elicit a tonic stimulation of the system,
which might not reflect physiological activation of neuromodulatory stimuli;
nevertheless these are the only techniques that allow us to control for the
concentration being applied. I therefore propose to make the most of this
advantage and collect data about the effects of increasing neuromodulatory
bath-application and optogenetic stimulation with the aim of comparing the
outcomes of the two methodologies.

Neuromodulation is a complex phenomenon to describe, because of its
multi-faceted nature; many authors have attempted to clearly define neuro-
modulatory processes [Disney, 2021] by virtue of different aspects. A com-
pelling definition of neuromodulaton put forward by Katz in 1999, concerns
the fact that a neuromodulator is a molecule that is neither excitatory nor
inhibitory, but that can be involved in a form of neurotransmission. While
it is very hard to predict the ultimate effect of a neuromodulator on a given
cell-type in experimental settings, I believe that in the context of modelling,
it is important to integrate different datasets in order to have the best es-
timate of the effect of a modulator on neuronal properties. Overall, the
outputs of neuromodulatory actions depend on the specific receptor sub-
types involved in the response which are concentrated on the post-synaptic
membrane of the receiving neuron. Therefore, even though the same neu-
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romodulator can have excitatory or inhibitory effects on cells, if data about
receptor expression on specific cell-types is available, it could be in theory
possible to predict the effect on the post-synaptic side. For instance, it is
known that ACh tends to generate excitatory responses via M1-M3Rs or
nAChRs mediated pathways, and inhibitory responses through M2-M4 like
receptors. At the same time, the distribution of the different kinds of re-
ceptor populations vary across cell-types: for instance, excitatory cells in
L4 mainly express the M2-M4 subpopulation [Eggermann et al., 2014], and
are therefore more likely to generate hyperpolarising responses to the ap-
plication of a cholinergic stimulus. The effects of ACh on ion channels and
metabotropic G-protein coupled receptors have been widely studied, but
to-date a comprehensive view of how ACh regulates the physiology of mul-
tiple ion channels is still lacking. ACh stimuli can elicit biphasic currents
[Gulledge et al., 2007] because it can bind to receptors capable of generating
diametrically opposing effects. Nevertheless, ACh will produce a net effect
on membrane excitability, which will in turn affect E/I balance and generate
network effects. Thus, I reasoned that it would be more useful to model the
overall effects of ACh on neuronal excitability and check for emergent prop-
erties of network activity. In order to model the effects of neuromodulators
on ion channels and specific currents it is essential to first have an underlying
model of subcellular activity which represents yet another level of biologi-
cal organization. According to Dasari and colleagues [Dasari et al., 2017],
cholinergic biphasic (inhibitory and excitatory) responses work as comple-
mentary mechanisms regulating rapid calcium recycling from intracellular
stores. This unifying view, originally proposed to explain the heterogeneity
of cholinergic responses in pyramidal neurons, could serve as the basis of
an integrative model of the subcellular actions of ACh, allowing a deeper
understanding of the nuanced and interactive effects that neuromodulators
exert on different ion channels and receptors.

To understand neuromodulation means to appreciate its formidable com-
plexity and at the same time grasp its essential mechanisms. Questions
such as ” what are the fondamental properties of neuromodulation? ” and
”which level of detail should we aim for when modelling neuromodulation?”
therefore naturally arise. If neuromodulatory phenomena are essentially
gain-tuning mechanisms of neural microcircuits [Disney, 2021], it could be
argued that to use point-neuron models to demonstrate the network effects
of neuromodulatory release may suffice, and the level of details present in the
NMC model is not necessarily needed to produce the same results. While
that may be true for the synaptic implementation of neuromodulatory re-
lease, the same cannot be said about the volumetric model. Point neuron
models lack spatial extent by definition, while the detailed neuron mod-
els used in the NMC replica have complex morphological properties. The
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model of diffuse neuromodulatory release that we developed relies entirely
upon an algorithm that samples the spatial surroundings of the volumetric
release site and assigns differential connection parameters and conductance
values to the newly instantiated targets of neuromodulatory innervation.
Therefore, it wouldn’t be possible to apply the same algorithm to a network
of point neuron models, because the sampling subspace would be basically
empty. Our detailed model of somatosensory microcircuitry serves as an
ideal candidate to study both the structural and functional characteristics
of neuromodulatory release.
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